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ABSTRACT 


This two-part report describes a conceptual system design for a satellite- 
aided land mobile service. (Part i is the executive summary and Part II is 
the detailed technical report.) While mobile satellites of lesser capacity 
may be launched within the next 10 years using today's technology, these 
systems will serve as forerunners to the large, high capacity system of the 
1990s described in this report. This advanced system is based on a geo- 
stationary satellite which employs a large (55-m) UHF reflector to communicate 
with small inexpensive user antennas on mobile vehicles. It is shown that 
such a satellite system through multiple beam antennas and frequency reuse can 
provide thousands of radiotelephone and dispatch channels serving hundreds of 
thousands of users throughout the U.S. Critical technology areas identified 
and discussed as requiring further development include that of a large (^60-m2) 
UHF planar microstrip patch feed array capable of producing approximately 90 
contiguous multiple spot beams, distributed sensing and actuation for the 
attitude control subsystem, large antenna structures, and small low-gain 
mobile vehicle antennas. The report concludes that such a system is techno- 
logically feasible for the 1990s and, indeed, by providing service to rural 
and remote regions, should complement the terrestrial networks serving the 
metropolitan areas, thus enabling ubiquitous mobile coveraqe of the U.S. 
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This report is Part II of a two-part document, published under the same 
title with the following subtitles. 


Part I: Executive Summary 

Part II: Technical Report 
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PREFACE 

Land Mobile Satellite Service (LMSS) implies the use of a satellite to provide 
telecommunications (such as telephone, paging, dispatch, data exchange, etc.) 
to mobile users. For the last decade, NASA and its contractors have studied 
LMSS from the standpoint of system design, technology assessment and develop- 
ment, applications, market size, financial viability, and institutional factors. 
The ATS series of NASA satellites has provided experimental verification of 
the feasibility and utility of mobile satellite communications. In the fall 
of 1979, the World Administrative Radio Conference allocated RF spectrum in 
the 806-890 MHz band for the LMSS, and thereby opened the door for future 
implementation of such a service. At the same time, JPL organized a team to 
study this new service. Since that time, JPL, in cooperation with other NASA 
centers, has conducted numerous major and minor studies related to LMSS, for 
both future commercial applications of the service and for proposed demonstra- 
tion systems which could be launched by NASA. 

In the past year, JPL's efforts have concentrated primarily on the concepl .u’ 
development of future commercial LMSS systems. These efforts have involved 
both systems studies, under the sponsorship of the NASA Office of Space Science 
and Applications (OSSA), and technology development studies under the sponsor- 
ship of the NASA Office of Aeronautics and Space Technology (OAST). A broad 
spectra of systems have been studied from simple single-beam satellites with 
very limited capacity, but with readily available tecinology, to the large 
antenna, high capacity satellite requiring future technology. It is possible 
that within a .ew years one of the more simple systems could be launched to 
serve a limited user community. More complicated, higher capacity systems 
would follow leading to a relatively ’arge satellite in the 1990s, such as that 
presented in this report. 
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The systems studies have evolved from typcthesiz imj the functional requirements 
for the large operational LHSS syscem, to the design of the architecture of the 
LMSS telecommunications network, and finally to the conceptual design of the 
space and ground segments. 

Tne technology efforts have focused on the development of RF technologies, such 
as the satellite antenna feed and its electronics, satellite amplifiers and 
diplexers, and the mobile vehicle antenna. In addition, through the NASA-OAST 
Large Space Systems Technology (LSST) Program, technology -<ork related to LMSS 
was conducted in the areas of spacecraft structures and controls with emphasis 
on the large deployable antenna required for the LMSS spacecraft. 

Somewhat bridging the gap between the various technology stuoies was a config- 
uration study of the LMSS spacecraft conducted jointly by JPL, the Boeing 
Company unoet contract to JPL, and NASA Langley Research Center. This study 
configured two spacecraft for a Shuttle launch and eventual deployment at the 
geostationary orbit; the first, based on the Lockheed wrap-rib deployable 
antenna and the second on the Harris quad-aperture hoop-column antenna. These 
studies have been valuable in identifying Shuttle imposed dimensional and 
weight constraints and other spacecraft system constraints not apparent from 
the study of the individual technologies. 

This report is a synopsis of JPL's work this past year on the LMSS system and 
the technology development studies. The study as a whole is not meant to be a 
"Phase A" type of NASA-system study, but is rather a general study of a po- 
tential LMSS operational system with emphasis towards providing a focus for 
various related technology development programs at JPL. As such, it presents 
a narrative definition of a candidate LMSS system architecture and the associ- 
ated spacecraft design including the technology tradeoffs inherent in the 
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design process. The report places heavy emphasis on these design trades to 
serve those conducting future LMSS studies in order to reduce the “reinvent 
the wheel" factor. 

The studies at JPL have emphasized the development of the LMSS spacecraft based 
on the Lockheed wrap-rib antenna, however, it should be recognized that other 
deployable ante. oa concepts are appropriate to LMSS. It should also be noted 
that from a generic techn 1 'gy development viewpoint, most of the technology 
problems and drivers are very similar regardless of antenna concept. Because 
of this, the report deals only with the Lockheed wrap-rib concept, but it is 
felt that the tradeoffs are, for the most part, common to any LMSS spacecraft 
design. 

The report is structured in a fashion to be of most benefit to those who will 
conduct future LMSS studies. With this goal in mind, the organization of the 
report closely follows the natural steps in the evolution of the design 
process. It is hoped that the narrative style of writing will help reflect 
the thought processes behind the design in a manner helpful to future workers 
in this field. It should be mentioned that TRW under contract to NASA Lewis 
Research Center is currently conducting a Phase A study for the LMSS. 

A summary of the content of this report follows. 

Chapter 1 introduces the concept of the land mobile service. It describes the 
conventional terrestrial mobile radio systems followed by the definition of the 
more advanced cellular conceot. The similarities between a multiple beam sat- 
ellite system and the terrestrial cellular system are pointed out and the 
operation of the satellite system is explained. The chapter concludes with a 
section on the potential frequency spectrin availability for the LMSS in the U.S. 



Chapter 2 describes the architecture of the telecommunication network as the 
first step in the design of the LMSS system. The chapter starts with hypothe- 
sizing a set of functional requirements including the total number of users to 
be served by the LMSS. The design parameters are then defined at length and 
are systematically selected such that the resultant system is capable of 
serving the hypothesized number of users. The output of this design process 
is the determination of the required number of satellite beams, which in some 
sense, indicates the largeness of the LMSS system. The chapter then presents 
the design of the backhaul link and determines the number of multiple S-band 
beams required for the backhaul communication. Next, a conceptual procedure 
for call-routing and locating a mobile subscriber within the LMSS network is 
discussed. This section of the chapter explains the various steps in placing 
a call and develops the relationship between the UHF and the S-b.v.d multiple 
beams. A summary of the design parameter is presented at the conclusion of 
the chapter. 

Chapter 3 which constitutes the core of this report presents the design of MSAT 
which is the spacecraft for tiie LMSS. The most important requirement affecting 
the design of MSAT is that of producing a prescribed number of multiple beams 
as set forth in Chapter 2. Starting with this requirement Chapter 3 develops 
a conceptual design for MSAT describing most major subsystems individually. 
Naturally the bulk of the discussion is aimed at the design of the large UHF 
multiple beam antenna and its associated feed array which are the most singu- 
larly prominent features of MSAT. The chapter begins with an overview of 
the overall design, and continues with a discussion of each subsystem. The 
material covered in this chapter includes the design of the feed array and the 
RF, control, power, propulsion, and thermal subsystems. The RF performance 
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of the UHF antenna, including its beam isolation pt'formance, is discussed at 
some length. The chapter concludes with the volume and mass properties of 
MSAT and its Shuttle launch considerations. 

Chapter 4 considers the ground segment, notably the mobile vehicle antenna. 
This chapter presents three conceptua 1 designs for the mobile antenna, 
including one which could potentially be used throughout the coverage area. 
Also presented is the design for a vehicl-a antenna to be used at low elevation 
angles, such as in Alaska. The other major topic discussed is that of the 
selection of a voice modulation scheme for LMSS which impacts the makeup of 
the mobile transceiver and affects the compatibility of the satellite with the 
terrestrial systems. 

Chapter 5 amplifies the technology requirements for MSAT in connection with 
the RF, control, and structure of the UHF antenna. This chapter is meant 
to highlight various technology developments needed to support the conceptual 
design of Chapter 3. 

The report also contains six appendices which for the most part consider 
alternatives to the baseline design presented in the main body of the report: 
Appendix A considers an MSAT design using a standard casseyrain con- 
figuration for the UHF antenna and concludes that the design is not 
particularly attractive. 

Appendix B also considers the folded optics but based on dual -shaped 
reflectors. The aim is to synthesize the surfaces of the main and the 
subreflectors for better RF performance or, equivalently same RF per- 
formance but a more compact spacecraft design. The appendix discusses 
the required software development and gives preliminary results. 



Appendix C presents an LMSS system design based on a 4-sub-band frequency 
reuse plan In conjunction with the use of polarization diversity. This 
design is contrasted with the baseline which employs a 7-sub-band frequency 
reuse plan and only one sense of an orthogonal polarization. Noting the 
increase in LMSS capacity associated with the use of a 4- rather than a 
7-frequency reuse plan, this appendix addresses the required characteristics 
of the LIHF feed in order to enable the use of polarization diversity. 

Appendix D presents the results of an intermodulation analysis study. The 
LMSS is inherently a Single Cnannel -Per-Carrier (SCPC) telecommunication 
system. As such, hundreds of carriers will be routed through common 
amplifiers causing intermodulation distortion. Further complicating the 
intermodulation distortion is the fact that not all siqnals within a power 
amplifier have equal powers. A summary of the analysis study is presented 
in this appendix. 

Appendix E presents an outline for a systematic design of a multiple beam 
offset antenna. This appendix should further help the understanding of the 
antenna design presented in the main body of the text. 

Appendix F considers the use of electric propulsion in order to reduce the 
weight of MSAT. The baseline design uses liquid propellant, which along 
with the associated hardware, constitutes nearly 25 percent of the weight 
of MSAT. Electric propulsion could potentially reduce this to only a few 
percent. 
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Land Mobile Satellite Service (LMSS) 




Chapter 1 
Introduction 



1 . INTRODUCTION 


This chapter is devoted to the presentation of the background information and 
the introduction of the concept of land mobile service. Section 1.2 describes 
the conventional terrestrial mobile radio systems, including dispatch and 
radiotelephone. Next, the more advanced cellular system is described and it 
is explained how this system mitigates the many problems currently plaguing 
the conventional terrestrial mobile service. Then, Section 1.3 introduces the 
concept of the Land Mobile Satellite Service aid points out how a satellite 
system can augment the terrestrial system for truly ubiquitous coverage. 

The section also briefly explains the operaticn of a multiple beam satellite 
system in terms of its similarities with the terrestrial cellular systems. 

The chapter concludes with a section on th-: potential frequency spectrum 
availability for the LMSS in the United States. 
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1.1 BACKGROUND 

To each of us the term "mobile radio" has different connotations. To some, 
it implies the type of dispatch used by police, firemen, taxicabs, and 
ambulances. To others, it means a personal two-way radio, such as the 
citizens band or amateur radio. Still others think of commercial mobile 
radiotelephones used by physicians and businessmen. A few might stretch the 
meaning a bit and think of paging, with its rapidly growing market of "beepers." 
The types and uses of mobile radios have increased at an enormous pace in the 
last 10 years as the cost and size of their electronics have diminished. The 
increased demand for these services has presented the system designers the 
challenge of accommodating an increasingly large market in precious little 
radio spectrum. 

Complicating this further, users want a higher quality of service than ever 
before. Dispatchers want clear channels. Radiotelephone users want the con- 
venience and quality of a bedroom extension phone. They all want immediate 
service and they want it from any location. Above all, they want it cheap. 

Within the next few years, mobile radios will take a quantum leap in technology 
and service with the introduction of cellular mobile radiotelephone systems. 

Its sophisticated control system and efficient use of the spectrum will pro- 
vide a grade of service superior to that presently available. Furthermore, 
the system is expandable with growing markets and, indeed, should be less 
costly to the user as the system grows. Many believe that the elastic nature 
of the market will create a spiral effect of decreasing prices and increasing 
market demand. While recent mobile radio market forecasts differ in their 
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assessments, even the most pessimistic foresees a remarkably strong growth 
curve in the next 20 years and beyond. 

Most scenarios of the growth of mobile radios show the cellular mobile radio- 
telephone systems, in the next decade, capturing the lucrative markets in the 
metropolitan areas of the country with slower expansion into the medium- 
sized cities. Unfortunately, the majority of the geographical area of the 
country, and a significant portion of the population of the country repre- 
sented by that area, will not be served by these advanced systems, primarily 
because these systems are not particularly cost effective in less densely 
populated areas. Market assessments conducted by the National Aeronautics 
and Space Administration (NASA) have consistently shown that in the less 
populated areas of the country, a strong market exists for dispatch, radio- 
telepht *e, and emergency services. This market will not be adequately served 
in the near future by present or proposed systems because the cost of provid- 
ing mobile service in the rural and remote areas is high [Refs. 1, 2, 3]. On 
the other hand, a satellite system, as described in this report, is ideally 
suited to covering vast geographic areas on an econonic basis. Many now 
believe that the solution to a truly national and ubiquitous mobile radio 
service will be composed of cellular systems serving the metropolitan areas, 
integrated with and complemented by a satellite system servino the rural and 
remote areas. 

In 1979, the World Administrative Radio Conference (WARC) recognized the value 
of utilizing a qeostationary satellite for mobile communication and allocated 
the 806-890 MHz band for this purpose in two of its three global administrative 
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regions, including all of North and South America.* While this allocation 
does not imply a national allocation for mobile satellite service in this 
band (the FCC must approve), nor does it guarantee the economic viability of 
any such satellite service, it was a first step enabling system designers to 
develop potentially viable concepts. Such a satellite concept is presented 
in this report. From the study presented here, it appears that a mobile 
satellite system, serving all areas of the contiguous 48 states, can be both 
technically feasible and economically viable within the next 10 to 15 years. 

Before describing the satellite system, the next section will review some 
of the fundamentals of the mobile radio which will be pertinent to the mobile 
satellite system design. 


* Reference is made in this report to mobile satellite service, mobile service, 
etc. These are specifically defined terms as used by the International Tele- 
communications Union. The term "mobila service" refers to terrestrial mobile 
operations and is further subdivided i ito land mobile, marit'me mobile, and 
aeronautical mobile to distinguish motile operations on land, sea, or air. 
Similarly "mobile satellite service" implies communications to a mobile unit 
via satellite and the terms land, maritime, and aeronautical refer to the 
location of the mobile unit. The WARC allocation for mobile satellite 
service in the 806-890 MHz band includes land and maritime mobile satellite 
services but excludes aeronautical mobile satellite service. 



1.2 TERRESTRIAL MOBILE RADIO SYSTEMS 


Almost everyone has been exposed to some form of a mobile radio, such as the 
radiotelephone In a businessman's car, the "squawk" from a taxicab's two-way 
radio or simply a child's "walkie-talkie." The basic operation of two types 
of mobile radio service, dispatch and radiotelephone. Is presented In this 
section. 

1.2.1 D1 spatca 

Dispatch involves two-way communication between a dispatcher at a base station 
and a number of mobile units in the field (see Fig. 1-1 ( a) >. Typically one 
frequency channel is used for transmitting from the base station and another 
is used for the mobile transmitters. Each mobile thus tunes to and hears only 
the dispatcher. The actual base station transmitter and antenna may be located 
on the dispatcher's premises or it might be at a remote location where it is 
connected to the base station by telephone lines or another radio link. Radio 
repeaters are often used with dispatch systems in order to locate the trans- 
mitter, where It has "line-of-sight" over a wide coverage area. 

Repeater 

The operation of a radio repeater is worth explaining, not only because re- 
peaters ar*» used in terrestrial radio systems, but also because the satellite 
system Is basically a "repeater in the sky." In its simplest form, two sets 
of communication channels are Involved in a repeater operation (see Fig. 1 - 1 ( b ) ) . 
Starting at the base station, one frequency channel (C) Is used for the trans- 
mission to the repeater. The repeater receives this signal, translates 
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STATION 

a) Simple Base Station Dispatch 




BASE 

STATION 


FREQUENCY CHANNELS: 
A, B, C, D 


b) Dispatch With Repeater 

Figure 1-1.. Two Configurations for Radio Dispatch Service 


the signal to a different frequency (A), then retransmits it to the mobile 
unit. The mobile unit transmits on a third frequency channel (B) back to the 
repeater. The repeater in turn translates this to a fourth frequency (U) and 
transmits the signal back to the base station. The disadvantages of the 
repeater system are that they require a separate remote equipment location 
u:id twice the number of frequencies. The advantage is that the repeater can 
he located on a mountain or tall building and thereby, greatly increase the 
coverage area and the number of customers served. 

1.2.2 Mobile Radiotelephone 

While dispatch implies communication on a one-to-many basis, radiotelephone 
implies one-to-one communication. For each mobile requiring a telephone 
connection at any given time, a pair of channels are set up between the base 
station and the mobile and are used not unlike that of the dispatch system 
between the base station and one mobile unit. With radiotelephone, the base 
station connects the radio channels to the regular telephone network, thus 
permitting the mobile user to access any telephone in the country. As in 
the dispatch systems, the mobile user must stay in the coverage area (line- 
f-sight) of the base station or one of its repeaters. The frequencies used 
by the systems are typically in the i llowing bands: 30-44 MHz, 152-162 M I'z, 
and 450-460 MHz. The new cellular mobile radio telephone systems (discuss j 
in the next section) will be in the 806-890 MHz band. 

Although conceptually simple from a frequency channel standpoint, the actual 
implementation of the calling procedures and control n^‘ orks is varied and, 
in some cases, quite complicated. Some systems require operator assistance 
for every call while other systems are totally automated. Radiotelephone 
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service is provided by radio common carriers (RCCs) or by the regular wireline 
telephone companies. The RCCs provide only the mobile-to-base station com- 
munications and control, and also provide the interconnection of these signals 
with a separately owned wireline network. 

1.2.3 Cellular Mobile Radio Systems 

The mobile radiotelephone systems described above have a number of technical 
and institutional drawbacks: the available frequencies are very limited; 

mobile units from one company jy not work in another company's system or may 
not be frequency compatible; the quality of service (voic** quality, wait for 
call setup, etc.) is inconsistent and often poor; waits of a year to become a 
customer are not uncommon in some areas; 1 ine-of-sight is often not possible 
in the coverage area resulting in poor or no communication; and so on. The 
cellular systems now under development, such as ATT's Advanced Mobile Phone 
Service {AMPS), will correct most of these drawbacks and provide high quality, 
automatic service at prices, in some cases, less than present systems. Once 
the cellular system commences its commercial operation, the concept of a car 
telephone operating just like our phone at home or business, will be much 
closer to reality. 

The chief attributes of the cellular systems are: 1) efficient spectrum uti- 
lization through frequency reuse among the geographical cells; 2 ) cell sizes 
commensurate with the user population, with market growth potential through 
further cell subdivision; 3) „ nationwide automated control and routing system; 
4) standardization of equipment in different coverage regions; and 5 ) a new 
and c ubstantial frequency allocation in the 806-896 MHz band. 
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In a cellular system, the entire coverage area, for example, a major city 
and its suburbs, is divided into a number of cells, each with its own base 
station and frequency band. The frequency reuse concept is used to increase 
the utility of the available frequency spectrum as shewn in Tig. 1-2. In this 
example, the total allocated band is divided into three sub-bands, designated 
A, 8, and C, with each sub-band being assigned to a cel’;*. Note that no cell 
is adjacent to a cell of the same sub-band, this insures that the trans- 
missions in one cell do not interfere with the independent transmissions in 
the adjacent cells. However, through pjwer control and geographical sep- 
aration, the frequency sub-bands are reused in nonadjacent cells thereby 
providing efficient use of the available spectrin. In this way, any given 
freauency channel can be ::*ed in hundreds of separate geographic locations 
unlike the older brcv« coverage systems as depicted in fig. 1-1. 

w. r a vehicle roams from one geograonical cell to another, the mobile unit's 
frequencies are automatical ly changed to a new set, compatible with the base 
station in that cell. The control and interconnection with the wireline 
network is handled by the mobile telephone switching office (MTSO) as shown 
in Fig. 1-2. 

In addition to the frequency reuse aspect, the other major feature of the 
cellular system depicted in Fig. 1-2, is the different cell sices to ac- 
commodate varying user population densities. For example, the larger cells 


* Actual celluar systems will use seven frequency sub-bands, not the three 
shown here for illustrative purposes. 
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might represent less populated suburban areas while the smaller cells re- 
present the more densely populated urban areas. Should the market in any 
given cell increase, the cell can be further subdivided into smaller cells to 
accommodate the increased traffic. These smaller cells represent a greate** 
reuse of the available spectrum, thus providing more available channels for 
the same coverage region. 
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1-3 THE SATELLITE SYSTEM CONCEPT 


As sophisticated as the cellular mobile radiotelephone concept is, the fact 
remains that such a system will not provide coverage to the nonurban areas of 
the country, at least for many years to come. A geostationary satellite, on 
the other hand, is ideally suited for providing communication to virtually any 
geographic region, no matter how remote. The question about the satellite is 
not whether it can do the job from a technical point of view, but whether it 
can do it economically, that is, the system can make a profit as a commercial 
enterprise. 

NASA has had a continuing program to study and assess the potential market for 
a mobile satellite system. TMs report will not deal with these market fore- 
casts but will rather concentrate on the technical aspects of the system design. 
It should be pointed out, however, that there are many segments to the potential 
mobile satellite market. This includes voice and data applications such as: 
commercial mobile radiotelephone; disaster assessment and relief; search and 
rescue operations; law enforcement; emergency medical services; terrorism con- 
trol ann national security; interstate trucking dispatch; monitoring of 
hazardo 'S material transportation; forest fire containment; dispatch, moni- 
toring, and control for widespread utility operations such as oil, gas, 
electric power, and water; and possibly nationwide paging. 

Communications to remote areas have different uses and values to different 
commercial and government entities. For example, a trucking company may be 
willing to equip its trucks with mobile equipment for cross-country travel and 
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pay a certain monthly charge for use of the satellite. An oil company 
exploring or drilling for oil in a remote region may be willing to pay 10 
times that monthly fee for the same satellite service because of the 
relatively higher costs of their operations. The satellite system described 
in this report is designed to accommodate a large nunber of customers paying 
monthly fees comparable to those of the cellular systems. However, it is 
possible that a much smaller system could also be economically viable with 
fewer customers, each paying a relatively large monthly fee. This "elite" 
mobile satellite system may in fact be the precursor for the more extensive 
system described here. 

System Ooeration 

Conceptually, the satellite system is analogous to the cellular radioteleDhone 
systems in design and similar in operation. For a geographic service area 
such as CONUS (the contiguous *8 states), the satellite antenna produces a 
number of contiguous beams whose footprints on the coverage area appear as 
in Fig. 1-3.* These circular footprints nominally represent the -3 dB con- 
tours of the beam patterns. Frequency sub-bands are assigned to each beam 
as in the cellular case with no adjacent beams assigned to tbe same sub-band. 
Following the discussion of the terrestrial systems, the satellite system 
is equivalent to the cellular sy tem in that the bear footprints are equiva 
lent to the cells, the satellite is equivalent to remote repeaters for each 
cell, and tie ground base stations withi>. the beam footprints serve the sane 


* Figure 1-3 shows the CONUS boundary and the beam footprints as viewed from 
the satellite. T he actual geographical footprint of each bean on Earth is 
not circular. Furthermore, each beam does not cover the same size area. 
More detail is oiven in Section 2-4. 
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Figure 1-3. Satellite Beam Layout Illustrating Coverage of 
CONUS by 87 Beams 


OF POOR QUALITY 


function as base stations In the cellular systems, that is, control and wire- 
line network interconnection. The ultimate goal, in fact, for the satellite 
design is to produce a system equipment compatibility, to the greatest extent 
possible. This permits the user to have a single set of equipment in his 
vehicle for both the satellite and the cellular systems and enables the sat- 
ellite system to take advantage of the economies of scale in the production of 
the mobile equipment. In the ultimate system, a user will place or receive a 
call from his vehicle and not know whether his call is routed via the satellite 
or the terrestrial link. This ultimate system would require control coordina- 
tion between the satellite and cellular systems to determine the optimum signal 
routing based on the geographic position of the vehicle. 

One difference between the satellite and cellular systems is that the "re- 
peaters" for the satellite system "cells" are colocated at one point, the 
satellite itself. Therefore, the satellite must distribute all the UHF mobile 
communications to base stations located around the country for interconnection 
with the local wireline networks. The satellite accomplishes this by providing 
S-band "backhaul" links to the base stations through another multiple beam 
antenna producing one beam for each base station (see Fig. 1-4). 

A typical call may originate from a home telephone connected to the wireline 
network. This call is routed via land lines to a base station where it is 
transmitted to the satellite over the S-band link. The satellite translates 
the frequency to UHF and relays the call over the UHF link to the mobile user. 
This completes one way connection. In the return link, the mobile transmit to 
satellite over UHF link, the satellite receives and relays the call back to 
the base station over the S-band link and the base station forwards the call 
through the wireline network to the originating phone. Further description 
for call setup and routing is presented in Section 2.6. 
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Figure 1-4. Signal Routing in a Land Mobile Satellite System 






1.4 FREQUENCY ALLOCATION 


At present no allocation exists in the United States for the Land Mobile Sat- 
ellite Service (LMSS). The design presented here assumes that 20 MHz of the 
so-called "reserve" bands in the 806-890 MHz band will be allocated by the FCC 
for this service. (Part of the band has been allocated for the cellular mobile 
radiotelephone in the U.S., and internationally, the entire band has been 
allocated for LMSS.) Of the 20 MHz assumed for LMSS, 10 MHz (821-831 MHz) 
would be for mobile-to-satell ite channels and the other 10 MHz (866-876 MHz) 
for the Sc:- /ilite-to-mobile channels with a 45 MHz separation between the 
correspond ,vg i pi i nk and downlink channels, similar to the cellular separation. 

Another assumption made for this study is that the satel 1 ite-to-base station 
backhaul links will be in the 2.5-2.69 GHz band, which has an international 
allocation of 35 MHz for both the uplinks and downlinks for fixed satellite 
services. This band was chosen because it is rarely used for satellite 
service, whereas, C-band and K u -band frequencies are in great demand. The 
greater bandwidth available at S-band for the backhaul links (70 MHz total for 
uplinks and downlinks as opposed to 20 MHz at UHF) implies that the communica- 
tions from several of the mobile UHF beams can be translated to a single S-band 
backhaul beam. This gives the system designer tne option of having one base 
station for several UHF beams. (For more detail see Section 2.5) 
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2. LMSS COMMUNICATION NETWORK DESIGN 


This chanter describes the architecture of the telecommunication network as 
the fit st step in the design of the LMSS system. The chapter starts with 
hypothesizing a set of functional reoiri rements including the total number of 
users to be served by the LMSS. The design parameters are then defined at 
length (Section 2.2) and are systematically selected such that the resultant 
system is capable of serving the hypothesized number of users. The output of 
this design process is the determination of the required number of satellite 
beams, which in some sense, indicates the largeness of the LMSS system. The 
chap .er then presents the design of the backhaul link (Section 2.5) and deter- 
mines the number of multiple backhaul beams required for communication to the 
base stations. Next, a conceptual procedure for call -routing and locating 
a mobile subscriber within the LMSS network is presented in Section 2.6. This 
section of the chapter explains the various steps in placinq a call and 
develops the relationship between the two sets of UHF and S-band multiple 
beams. A summary of the design parameters is presented at the conclusion of 
the chapter. Various outputs of this chapter, such as determination of the 
number of satellite beams, serve as the input to the design of the LMSS sat- 
ellite which is the subject of Chapter 3. 
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2.1 SYSTEM DESIGN REQUIREFCNTS 

In order to develop the conceptual design presented in this report, a set of 
general requirements had to be established. While these requirements were 
self-imposed and somewhat arbitrary, an attempt was made to depict as closely 
as possible, the requirements that are likely tc be imposed on the actual 
system. The design presented in the following sections has been strongly 
influenced by the following requirements and suppositions. 

o Area to be Served : The LMSS will serve the Continental United 

States (CONUS). In CONUS, LMSS will provide service to non- 
metropolitan areas, i.e., suburban and rural, that are not now 
or are not likely to be served by terrestrial mobile radio- 
telephone service. It is expected that urban areas will be 
served by terrestrial cellular systems. 

o Time Frame : The system will operate in the 1995-2005 lime 

period. This requirement implies that the space segment, i.e., 

MSAT, will have a 10-year lifetime. 

o Capacity : The system will be designed to have sufficient 

capacity to serve a population of users equal to the capturabie 
market. For this study, the capturabie market is defined as 
the number of users willing to subscribe to LMSS for charges 
comparable to that of the conventional mobile radio service. 

More on this topic will be discussed in Section 2.1.1. 
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0 Type of S ervice : LMSS will provide duplex radiotelephone service. 

A subscriber to the LMSS service will be able to access any 
telephone connected to the wireline network. Conversely, the 
mobile LMSS user will be accessible from any telephone within the 
wireline network regardless of the current location of the mobile. 
Additionally, any pair of mobile users in the LMSS network will be 
able to communicate with each other. 

o C ost Considerations : The LMSS will have user charges, including 

the mobile equipment cost, comparable to similar costs and 
charges for the commercial terrestrial radiotelephone service. 

o Compatibility : It is strongly desired that the LMSS system be as 

compatible as possible with the planned cellular mobile telephone 
systems as typified by 3ell System's Advanced Mobile Phone Service 
(AMPS). Thus, a subscriber can use the same equipment (or with as 
little modification as possible) for both the terrestrial and the 
satellite system. This further ensures low-cost mobile equipment 
through the economics of scale inherent in cellular equipment. 

° Qu al ity : The quality of the voice channel in the LMSS should be 

-omparable with the present day toll service. The call setup 
times and probability of a busy signal due to system capacity over- 
load will be compatible with similar requirements for the cellular 
systems. 
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Some of the above constraints and ground rules have served to sharply reduce 
the number of options available for the design of the LMSS. As an example, 
an all digital system is ruled out at this time due to the cellular systems 
compatibility constraint. Such an all digital system could be very appealing 
from a satellite design standpoint. 

Additionally, the following remark should be noted regarding the coverage re- 
quirement. Whereas the design presented in this document considers CONUS as 
the coverage area, more than likely, the ultimate satellite system will have 
to cover not only CONUS but Alaska and Hawaii as well. Other possibilities 
include an all Northern American coverage which may make the most sense economi- 
cally. However, it should be stated that the primary objective of this system 
design has not been to design the ultimate operational system, but rather to 
provide a focus for the various LMSS related technology development activities 
within JPL and NASA, and to expose the critical technologies which require a 
long lead time. As such, it is felt that a system with only CONUS coverage is 
adequate to scope the challenges ahead. Critical technological barriers to 
provide coverage to other areas is not expected. 

It must be further noted that this LMSS design has considered only radio- 
telephone service. The actual operational system will offer a mix of services 
including dispatch. The use of some of the channels in the dispatch mode will 
primarily increase the number of users which can be accommodated by LMSS and 
make the service more attractive from the investors point of view. More on 
this topic will be discussed later in this Chapter. 

2.1.1 Market Req u irement 

In order to determine the required system capacity for the LMSS, the demand 
must be forecast for such a service at the time frame the LMSS is to be 
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offered. There were 91,000 mobile radiotelephone users in the rural area in 
the year 1980 [Ref. 1]. The question at hand is what will the size of the 
market be at the turn of the century and what portion of this total market 
is potentially capturable by the LMSS. 

In recent years a number of market studies have attempted to answer tnis 
question [Ref. 2]. The results are somewhat varied. NASA, through Lewis Re- 
search Center, has initiated a contract in order to arrive at a more definitive 
answer to this question. For the purposes of the conceptual design presented 
in this report, however, the following two arbitrary assumptions were naue. 

a) The first generation LMSS will reach full capacity in 
the seventh year of its operation and operate at full 
capacity the last three years of its 10-year life. 

b) The LMSS will be designed so that it has a capacity 
sufficiently large as to accommodate all the capturable 
market for such a service. 

Assuming that the LMSS commences its commercial operation in 1995, it will be 
in its seventh year of operation in the year 2001. Further, assuming a 10 
oercent annual growth rate, the market for mobile radiotelephones in the rural 
area will increase from 91,000 in 1980 to approximately 673,000 by the year 
2001. If it is rather arbitrarily assumed tnat by that year the LMSS will 
capture some 40 percent of this market, then based on all of the stated 
assumptions, the required capacity of the LMSS in terms of mobile radio- 
telephone users must be approximately 270,000. Accordingly, the design 
presented in this report is sized to be able to accommodate 270,000 radio- 
telephone users. However, it must be noted that the percentage of the 
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addressable market which can be captured by the LMSS is a strong function of 


the monthly user's charge. Other NASA studies [Ref. 3] are addressing param- 
etric relationships between the monthly charges and the demand for the LMSS 
service. 
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2.2 IDENTIFICATION OF SYSTEM DESIGN PARAMETERS 


As is the case with any large complex system, the design of the LMSS involves 
a myriad of parameters with potential for many tradeoffs among them. The 
designer however, does not have control over the selection of all the param- 
eters as some may be dictated due to institutional, regulatory, economical or 
other considerations. Thus, at the outset, it is important to iaentify the 
major design parameters, in particular, those over which the system designer 
has some control. It is to this end that this section is written. 

The two most important high-level requirements imposed on the design of the 
LMSS are the number of users that this system is to accommodate and the quality 
of the service that it must provide. Most other design parameters will evolve 
from these two requirements. The following nomenclature will be observed in 
discussing the design parameters: 

Uj = Total number of users served by the LMSS 

N = Number of beams 

Ug = Number of users served by beam i 

Cj = Total number of duplex channels provided by the LMSS 

C B = Number of duplex channels provided per beam 

'J £ = Number of users which can be accommodated per channel 

By = Total allocated bandwidth 

B = Channel bandwidth 

R = Number of reusable frequency sub-bands 

Each parameter will be further clarified as it is used in the text. 
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The total nunber of users served by the .MSS is given by 

N 

u T ■ Z \ (2 - 1) 

i*l 

where U denotes the total number of users, N is the number of beams, and U 
T Bi 

denotes the number of users served by beam i. It has already been established 
in Section 2.1.1, that Uj must be 270,000. Thus, the design parameters must be 
selected such that LMSS capacity in terms of users satisfies this requirement. 
The relationship of the various design parameters with U T is developed in the 
remainder of this section. 

Due to the curvature of the Earth, satellite beams of uniform beamwidth cover 
geographical areas of unequal sizes. A beam aimed at southern Texas may cover 
half as much area as a similar-sized bean aimed at the northeast corner of 
CONUS. This, coupled with nonuniform distribution cf the LMSS users within 
the U.S., indicates that the number of users served by the various beams, i.e., 
Ug in Eq. (2-1), are not all equal. However, for sake of simplicity, the 
number of users within all beams are assigned equal and the discussion of non- 
uniform user distribution is deferred to a later study. Under the assumption 
of uniform user distribution, Eq. (2-1) reduces to 

U = N-U (2-2) 

T B 

Clearly then, to increase the capacity of the LMSS, either N, the number of 
beams, or Ug, the number of users which can be served by a beam, must be 
increased. Each one of these two parameters is in turn dependent on a number 
of other design parameters as discussed next. 
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Number of Beams 


The number of beams that can be packed within a given coverage area is princi- 
pally dependent on the size of the satellite antenna. The greater the number 
of beams, the more user, can be served, but it takes a larger satellite antenna 
to do it. Figure 2-1 shows the approximate relationship between the number of 
beams and the diameter of the satellite antenna. For example, 110 beams could 
be packed within CONUS with a satellite antenna of about 60 m operating at 
871 MHz.* 

Number of Users Served Per Beam 

The number of users served per beam, U , in itself, is a function of several 

B 

parameters. Letting C denote the number of telephone channels provided 

B 

within a beam, and Uq denote user- to- channel ratio, i.e., the number of users 
which on the average can access a channel without exceeding an acceptable 
blocking probability**, one can write: 

U = C -U (2-3) 

B B C 

Each of these two terms is now examined in more detail. 

1 - Number of Channel s-Per-Beam 

The number of telephone channels provided per beam is a function of three 
parameters. They are: 


* Note that the 871 MHz is the mid-band frequency for the 10 MHz band used for 
the satellite-to-mobile transmission. 

** The grade of service for most telephone systems is defined in terms of 
blocking probability, which is the probability that a subscriber attempting 
to dial a number is confronted with a busy signal, indicating that all cir- 
cuits are busy. 
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Figure 2-1. Number of Spot Beams Required to Cover CONUS as a Function 
of the Antenna Diameter 
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i) Total uplink (or downlink) bandwidth By; 

ii) Channel bandwidth B; and 

iii) The nunber of reusable frequency sub- bands R 


This last parameter needs further explanation. In order to take advantage of 
spatial diversity provided by multiple beams, the total available bandwidth By 
is partitioned into R sub-bands which are reused among the multiple beams. As 
an example for a 100-beam system, if B^ = 10 MHz and R = 4, then each beam will 
be assigned one of four 2.5 MHz sub-bands with each sub-band being reused 25 
times in the total system. The net effect is 25 times as many channels as 
with no frequency reuse, or the equivalent of having 25 times the bandwidth. 


Summarizing then, the number of channel s-per-beam, Cg, can be written as 


C 


B 


B 

T 


(2-4) 


Equation (2-4) indicates that the number of channel s-per-beam, and consequently 
the total number of channels in the system, can be increased by: increasing 

the available bandwidth B^, or decreasing the number of reusable frequency sub- 
bands R, or decreasing the channel bandwidth B. The factors which affect the 
selection of these three parameters are now discussed. 

i - Total Bandwidth 


The total bandwidth allocated for this service is a parameter outside the con- 
trol of the system designer and will be decided based on regulatory issues. 

For the purpose of this study, it is assumed that two 10 MHz bands, one each 
for the uplink and downlink, will be made available in the 806-890 MHz band. 
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ii - Channel Bandwidth 


Channel bandwidth Is principally determined based on the modulation scheme 
used. One of the self-imposed system constraints has been to maintain close 
compatibility with the proposed cellular mobile system as typified by Bell 
System's Advanced Mobile Phone Service (AMPS). AMPS uses a narrowband FM 
modulation (N8FM) which employs a 2:1 companding ratio resulting in a channel 
bandwidth of 30 KHz. 

In addition to this compatibility constraint, the designer must select a 
modulation scheme which results in "acceptable" voice quality as well as 
equipment which is not overly complex and therefore inexpensive. Above all, 
however, with the small bandwidth allocated to this service, the designer can- 
not afford to select a modulation method which is wasteful. It seems unlikely 
that by the turn of the century any band-limited system, would be so wasteful 
as to use 30 KHz voice channels. Even at present, research is underway on 
modulation schemes suitable for voice with bandwidths of a few KHz. However, 
these modulation schemes may require relatively complex receivers. As a com- 
promise, the design presented in this document assumes 15 KHz channel bandwidth. 
Envelope normalized FM is one example of a modulation scheme which results in 
15 KHz channel spacing. While its use necessitates some modification to the 
AMPS mobile equipment, these modifications are not as extensive as that which 
would have been necessary had a digital modulation been selected. More on 
modulation is discussed in Chapter 4. 

11 i - Number of Reusable Frequency Sub-bands 

Equation (2-4) points out that the number of channel s-per-beam increases as the 
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number of ’’eusable frequency sub-bands, R, is decreased. Selection cf R, as 
will be seen in Chapter 3, is principally determined based on the required 
interbeam isolation and the characteristics of the multiple beam antenna. For 
a 10 MHz total band and 15 KHz channel spacing, R = 4 results in 166 channels/ 
beam, while R = 7 reduces this number to 95. 

Figure 2-2 shows the parametric representation of Eq. (2-4) for the various 
combinations of the three parameters in the equation. 

As will be discussed in Section 3.4 and Appendix C, a 4-frequency reuse plan 
results in an acceptable interbeam isolation only if the system employs both 
senses of an orthogonal polarization. This results in a plan with an eight 
diversity (4 frequency x 2 polarization). However, in a system which operates 
on one sense of polarization, a 7-, rather than a 4- frequency reuse plan will 
be necessary to achieve adequate interbeam isolation. 

The satellite design presented in Chapter 3 uses a single polarization in con- 
junction with a 7-r sable frequency set. An alternative system with dual 
polarization is presented in Appendix C. The rationale for using single 
polarization in the baseline has been the lack of experimental results, 
indicating that the type of feed elements used in the design can produce the 
low levels of cross-polarization which are needed for a dual -polarized system. 
More detail appears in Section 3.5. 

Based on the above rationale, the baseline design uses 15 KHz channels and a 7- 
frequency reuse plan, which when coupled with the assumption of 10 MHz band- 
width allocation (one way), results in 95 channel s-per-beam. 
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Figure 2-2. Achievable Number of Voice Channel s-Per-Beam vs the Total 
Available Bandwidth as a Function of Channel Bandwidth and 
the Number of Reusable Frequency Sub-bands 
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2 - User-To-Channel Ratio 


Having discussed the parameter Cg, the attention is now tinned to the second 
term of Eq. (2-3), namely Uc, which denotes user-to-channel ratio. Typically 
during a 24-hour period, the demand for telephone usage varies from some low 
level during the night to a peak value sometime during the day. The continuous 
one-hour period which exhibits the maximum average traffic intensity is called 
the busy hour. The average traffic generated per subscriber during this one- 
hour period must be determined or estimated before designing a telephone 
system. 

The level of generated traffic is a function of the telephoning habit of the 
user population. Some statistical information on average offered traffic is 
available from the telephone companies, but they may not apply to the users 
of the LMSS. In the absence of any other information at this time, tiie work 
done in this document relies on previously published data, [Ref. 4], and 
assumes that this traffic is equal to 0.026 Erlangs, where the Erlang is the 
international dimensionless measure of traffic intensity. This estimate, 
however, applies to the radiotelephone service in an urban area; further work 
is required to model the telephone traffic generated by the users of the LMSS. 

Now it remains to estimate how many users offering on the average 0.026 Erlangs 
of telephone traffic can be accommodated by an LMSS bean having 95 channels 
where the 95 channels allocated to a beam are pooled and assigned, on demand, 
to the users of that beam. The traffic handling capability of these many 
pooled (or trunked) channels is dependent on the required grade of service. A 
measure used to define the grade of service is the blocking probability, defined 
as the probability that a user's request for a channel is denied because all 
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channels are occupied. Figure 2-3 plots the average traffic handling capacity 
of a channel as a function of the total number of channels within the trunk, 
for several values of blocking probability. This capacity, or channel load- 
ing as it is normally called, is calculated based on the Erlang B formula 
commonly used in the field of telephone communication. 

From Fig. 2-3, for a blocking probability of 2 percent and a trunk of 95 
channels, the channel loading is 0.875 Erlangs. Dividing the channel loading 
of C.875 Erlangs by the av' age offered traffic of 0.026 Erlangs per user, one 
arrives at an average ratio of 33 use^s-per-channel . Thus, each beam with 95 
channels can accommodate approximately 95 x 33 = 3,135 users. 

The Required Number of Beams 

Combining Eqs. (2-2) and (2-3) results in 

U = N-C -U (2-5) 

T B C 



and U is the user-to-channel ratio. Having calculated both C (95) and U (33), 
C B C 

Eq. (2-5) is now used «.o determine the number of satellite beams required, so 
that U^, the total user served by LMSS, is equal to 270,000. Using these 
numbers in Eq. (2-5) results in 86.1 beams, which is rounded up to 87 beams. 
Accordingly, the design in this document employs 87 UHF beams covering CONUS 
and providing 95 channel s-per-beam for a total of 8,265 channels in the system. 
(For a summary of the LMOb design parameter see Section 2.8.) 
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2.3 A GUIDELINE FOR A SYSTEMATIC DESIGN PROCEDURE 


The parameters for the design cf the LMSS communication network were identified 
in che last section. In a design process, the selection of proper values for 
these parameters, such that a set of functional requirements is satisfied, may 
involve several iterations. A guideline is presented in this section for a 
systematic procedure in designing the LMSS communication network. 

It can be argued that the major step in designing an LMSS network is the deter- 
mination of the required number of beams. Accordingly, the procedure presented 
here starts with a set of functional requirements and ends with the required 
number of beams which, in some sense, indicates the size of the LMSS network. 
Figure 2-4 shows the flowchart of the design process. Boxes to the left of 
the dashed line contain those parameters which establish functional require- 
ments of the system. It is assumed that the designer has no control over 
these parameters as they will be dictated by various regulatory, institutional, 
or economical constraints. The flowchart is fairly self-explanatory, as it 
graphically shows the interdependence between the parameters which have already 
been explained in the last section. 

Inspection of Fig. 2-4 points out that two pieces of information are needed 
by the MSAT antenna RF designer in order to determine the number of reusable 
frequency sub-bands. They are the beam isolation requirement, and the number 
of beams. Thus, more than one iteration of the design procedure is necessary 
because the output of the procedure, namely the number of beams, is needed 
during the procedure in order to continue. One way of resolving this dilemma 
is to initially assume a value for R and proceed to determine the number of 
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Figure 2-4. A Flowchart to be Used as a Procedural Guideline in the Design of 
LMSS Communication Network 








beams in accordance with the process outlined in Fig. 2-4. Subsequently, 
through the MSAT antenna design, the value for R is refined which in turn may 
require other passes through the design procedure of Fig. 2-4. The initial 
value for R can reasonably be bounded. The minimum value for R is three (so 
that no adjacent beams are assigned the same frequency sub-band), and for most 
practical systems, seven may represent a reasonable upper bound for R. 
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2.4 THE MULTIPLE UHF BEAM LAYOUT 


Figure 2-5 shows the 87 UHF beam layout for the design presented in this 
document. The circles indicate the footprint, or the coverage area of each 
beam, with the satellite located at 110° W longitude. 

The reason the footprints of all the 87 UHF beams in Fig. 2-5 are shown as 
circles is that the map is a polar perspective map; namely, the figure shows 
the CONUS outline and the beam projections as viewed from the satellite. 
However, the circular footprints as shown may be somewhat misleading. Due to 
the curvature of the Earth, the actual geographical area on Earth covered by 
a beam has a circular boundary only for a beam at the subsatellite point (i.e., 
at the Equator just beneath the satellite). As the beam moves away from the 
subsatellite point toward the North (or South) Pole, the area boundary becomes 
elliptical, as an indication of the relative area size, consider beams 46, 43, 
and 86 in Fig. 2-5. The area covered by each of these beams is approximately 
equal to 82,000, 98,000, 192,000 km^ respectively. Mote that beam 86 covers 
roughly 2.3 times as much area as beam 46. Beam 43 at the center of the 
coverage area covers an equivalent circular area with a radius of about 177 km 
(110 mi). 
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Figure 2-5. An 87-Beam LMSS Layout 


2.5 THE BACKHAUL DESIGN 


A complete duplex channel in a land mobile satellite is made up of the forward 
channel, i.e., base station-to-mobile and the reverse channel, i.e., mobile- 
to-base station. Each one of these two channels is made up of two segments as 
shown below (see Chapter 1, Fig. 1-4): 

a) Base station-to-mobile consists of: 

i) Base station-to-satelli te (using S-band 2655-2690 MHz) 
ii) Satell ite-to-mobile (using UHF 866-876 MHz) 

b) Mobil e-to-ba?e station consists of: 

i) Mobile- to- satellite (using UHF 821-831 MHz) 
ii) Satell ite-to-base station (using S-band 2550-2585 MHz) 

A typical call ma.v originate from a phone within the wireline network and be 
destined for a mobile phone within the LMSS network. The call is routed via 
land line from the fixed phone to an LMSS base station where it is relayed to 
the satellite over the S-band backhaul link. The call is then turned around 
by the satellite and relayed to the mobile phone using the UHF link (see 
Fig. 1-4). 

Assuming 15 KHz bandwidth, the 8,265 LMSS voice channels require an allocation 
of 125 MHz in the S-band for one way transmission or twice that much for duplex 
channels. However, if only iwj 35 MHz bands, one each for uplink and downlink, 
are assumed available, a multiple beam S-band antenna is necessary to enable 
the reuse of the allocated spectrum. 

Since three and a half times more bandwidth is available in the S-band than 
UHF, it is possible to design a system where a single S-band beam can 
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accommodate many channels corresponding to a cluster of UHF beams. This 
Implies that the S-band would have considerably fewer beams than the UHF. A 
fewer number of beams also Implies a fewer number of cochannel Interfering 
beams (i.e., beams operating on the same frequency band). Thus, It Is con- 
ceivable that for the S-band, a frequency plan with four reusable sub-bands 
(i.e., R = 4) would provide the same interbeam Isolation as that achieved for 
the UHF beams with the R = 7. 

Figure 2-6 shows one option for grouping the UHF beams in small clusters and 
assigning a base station to serve each cluster. As shown in this figure, most 
clusters contain four UHF beams except for beams close to the geographical 
boundaries where a natural grouping of four does not exist. With this plan, 
there are 25 base stations each serving 1, 3, or 4 UHF beams. 

The S-band multiple beam antenna should be designed such that each beam covers 
one of the base stations. Figure 2-7 shows the beam layout for one such de- 
sign. The S-band antenna used is a 10-m dish providing 25 beams of 0.9 degrees 
beamwidth. The details of the S-band antenna design will be presented in 
Section 3.6. 

Figure 2-8 shows the superimposition of the UHF and S-band beams along with 
the 25 base stations. It is important to note that it is not necessary for an 
S-band beam to completely cover the continuous area represented by the cluster 
of UHF beams it serves. The S-band beams need only provide coverage for the 25 
discrete points represented by the base stations. 
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Figure 2-6. A Plan for Grouping the UHF Beams in Small Clusters With Each 
Cluster Being Served by a Single Base Station 
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Figure 2-7. A Layout for Multiple S-band Beams Coverinq the 25 
LMSS Base Stations 
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Figure 2-8. 


Superimposition of the S-band and UHF Beams 
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2.6 CALL SETUP AND ROUTING PROCEDURE 


In this section, the call setup procedure is briefly addressed. Call setups 
are categorized into the following types: 

i) The caller uses a phone which is within the wireline network; 
the called party is mobile. This type of call will be referred 
to as "Fixed-to-Mobile." 

ii) The caller is mobile and the called party has a phone within 
the wireline network. This type of call will be referred to 
as "Mobile-to-Fixed." 

iii) Both the caller and the called party are mobile. The 

nomenclature for this type of call will be "Mobil e-to-Mobi le. " 

Before discussing call setups, some definitions are necessary. A channel is 
defined to be either a voice channel or a control channel. A voice channel, 
as the name implies, is used as a regular telephone channel. A control 
channel, on the other hand, is used for setting up a call. Each UHF and 
S-band beam will have a preassigned number of voice and control channels. 

For the design presented in this chapter, a UHF beam has 95 channels of which 
the majority, perhaps 93 or 94, are voice channels with the remaining few 
being control channels. The number of channels in an S-band beam varies, 
depending on the number of UHF beams it serves. For the design of Section 2.5, 
assuming all UHF beams have 95 channels, an S-band beam may have up to 380 
channels. 
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A control channel is defined to be either a page channel or an access channel. 
A paging channel is always in the forward direction, i.e., from the base 
station-to-mobile (Fig. 2-9). Two types of information are provided through 
a paging channel: 

1) Paging information, i.e., the address of a mobile telephone 
which is taken to be a 10-digit decimal phone number. Paging 
is used to alert a mobile phone of an upcoming call. 

2) Information about the base station which originates the paging 
(i.e., overhead messages). 

The access channel which is always in the reverse direction, i.e., fr >. ! le 
to the base station, also carries two types of information: 

1) The address of the called party (i.e., its phone number); and 

2) The phone number of the caller. 

Locating A Mobile Telephone 

A mobile LMSS subscriber is naturally allowed to roam within the entire cover- 
age area. Thus, anytime that a mobile phone is to be called, it must first be 
located. The procedure is described below. 

An LMSS user is expected to use his phone nominally in a given area and to 
leave this area occasional ly. Thus, a subscriber's phone will be registered 
with the base station which provides coverage for the area where the user is 
nominally expected to be. This station will be designated the home base 
station for the mobile telephone. 
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Figure 2-9. The Page and the Access Channels in the LMSS Network 
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However, since the user will sometines be outside his 'home area," any time he 
energizes his telephone set, i.e., turns the power on, the mobile unit must 
self- locate itself. The self- location is done in the following manner. A 
mobile phene is equipped with a frequency synthesizer capable of tuning to all 
the LMSS channels. As an example, for two 10 MHz UHF bands and the 15 KHz 
channel bandwidth, LMSS will have a total of 665 distinct duplex channels which 
are grouped in seven sets of 55 channels and are allocated to the 87 UHF beams 
in accordance with the frequency reuse plan. 

A small portion of each set, maybe three channels, is set aside for control 
channels with each duplex control channel being comprised of two half channels, 
i.e., the pagino and access channels. A mobile telephone will be prepro- 
grammed such that anytime it is energized, it automatically scans all the 
caging channels which oriqinate from the various base stations and selects the 
strongest one. It then decodes the overhead message to find which base 
station is close by. If it recognizes the base station to be the “home" base 
station, it does not need to take any action. However, if it finds the 
strongest paging signal to come from any base station other than the hone base 
station, it recoanizes that the subscriber must have roamed out of his home 
area and it will automatically inform the system of the new location. 

Each base station can be expected to have a memory -keeping track of its sub- 
scribers. A base station may keep three lists. The first list contains the 
addresses of all users (i.e., their telephone numbers), who have registered with 
the base station and are currently within the "home" coverage area. Since a 
base station may have up to 380 voice channels, assuming a 33 to 1 ratio of 
users- to-channels, each base station may serve up to 12,000 users. In a second 
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list, the base station will keep the location of all its users which have roamed 
out of the home area. In the design given in Section 2.5, if a mobile is not in 
the home area, it may be in the area covered by any one of the other 24 base 
stations. Finally, a third list may contain the identification of all visiting 
mobiles within the area. With this background, the procedure for setting up 
the various types of calls identified earlier is now described for each of the 
three categories. Refer to Fig. 1-4 for the following discussion. 

a - Fixed-To-Mobile Call Setup 

1) The fixed phone's request is routed to the home base station of the 
called mobile party through the terrestrial wireline network. Note 
that each base station is connected to the wireline network by a 
standard access trunk. 

2) The base station checks its memory to see if the mobile is currently 
within its home area. If it is, it uses a paging channel and a paging 
message will be broadcast in one of the four UHF beams associated with 
this base station and where the mobile is located. 

3) If the base station finds that the mobile has left the home area, then 
it checks its memory for the current location of the roamer, and using 
a terrestrial line, it passes the request to the base station which 
provides service for the area where the mobile is currently located. 

This latter base station can now page the mobile in accordance with 
steo 2 above. 
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4) The mobile unit, which continuously monitors the paging channels of 
the area it is in, recognizes its page and seizes an access channel and 
acknowledges the page. 

5) Tne base station then checks its pool of available voice channels for 
assignments of frequencies. Note, that if a base station is serving 
four UHF beams, then it must have four separate pools of channels, one 
each for the four beams. Having selected a pair of duplex channels, the 
base station informs the mobile phone of the UHF channel selection and 
clears the way for the conversation to begin. 

6) The mobile phone rings and the call is on its way.* 

A point to note here is that regardless of the relative locations of the fixed 
and the mobile phones, i.e., whether they are both in the same UHF beam or not, 
the call entails only one satellite hop and no switching is needed on the 
satellite. This latter statement is true only if the interconnection between 
the base station is provided through the terrestrial network. Interconnection 
through the satellite is discessed below. 

Consider a call originating from a fixed phone in New York and destined for 
a mobile subscriber on the West Coast. Based on the procedure described above, 
the call is routed via land line to a base station on the West Coast, where it 
is relayed to the satellite and is beamed back to the mobile telephone. This 
clearly seems inefficient because it entails a long distance land call (i.e.. 
East Coast to West Coast) in addition to the satellite hop. This is necessary 


* Some details have been omitted here. Only steps peculiar to the LMSS are 
discussed. Steps which are identical or similiar to either the AW>S call 
setup or regular wireline network call setup have not been discussed. 
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if each S-band beam is interconnected through the satellite transponder only 
to the four UHF beams it serves. Alternatively, if any S-band beam could be 
interconnected to any UHF beam (via on-board switching) then the above call 
could be simplified in the following way. The caller in New York goes through 
a local base station; the call is relayed to the satellite through an S-band 
beam serving the East Coast; the call is routed through the satellite switch 
to the UHF beam on the West Coast where the mobile is located. This way the 
long distance land line call from coast to coast is eliminated and the ca’l 
still involves only one satellite hop. 

b - Mobile-To-Fixed Cali Setup 

1) The mobile phone self- locates itself in the on-hook state even if 
the user is not attempting to place a call. The self-location was 
previously discussed. 

2) When attempting a call, i.e., when the subscriber lifts the receiver, 
the mobile phone seizes an access channel and informs the cognizant 
base station of the request. 

3) The base station selects a UHF duplex channel from the poo! of 
available channels belonging to the beam where the car is located 
and usinq the paging channel informs the mobile unit's frequency 
synthesizer to tune in to the proper transmission and reception 
channels. 

4) Parallel with step 3, the base station, through its interface with 
the terrestrial network, alerts the fixed phone and also sets up the 
S-band duplex channels. 
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In dialing the desired number, the mobile might use the so-called "preorigina- 
tion“ dialing. In this method, the user first inputs the number into a 
register. After checking the display to insure the number is correct, he 
pushes a button to initiate the call. The reason for preorigination dialing 
is to reduce the load on the access channel. Note, that all the users within 
a given UHF beam compete for the seizure of the access channel (s). Thus, all 
the misdialings and all the pauses between dialing digits contribute to the 
load of the access channel. The required number of access channels for a beam 
depends on the number of users within the beam. This issue requires further 
study and is not addressed here. 

c - Mobil e-To-Mobile Call Setup 

1) The mobile self-1 ocates itself as discussed before. 

2) The mobile seizes an access channel and requests a call setup 
through the local base station. 

3} The base station checks its memory to see if the called mobile is 
within its jurisdiction. If it is not, the base station forwards 
the call request, through the terrestrial network which interconnects 
the base stations, to the proper base station. 

4) The second base station pages the mobile and proceeds in the manner 
described before. 

Note, that under this setup a mobile-to-mobile call uses two satellite hops. 
The route for this call can be divided into three segments: 1) mobile caller 

to its base station, 2) base station of the caller to the base station of the 
called party, and 3) base station of the called party to the called mobile. 
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The first and third segment involve satellite hops while the second path is 
via land line. If satellite switching is provided, the second segment can 
be eliminated. 
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2.7 SYSTEM ARCHITECTURE TRADEOFF 


Section 2.5 presented a design for the multiple S-band beams providing com- 
munication between 25 base stations and the satellite. There is one drawback 
to the proposed configuration. Consider a cluster of four UHF beams being 
served by a single base station as depicted in Fig, 2-10(a). A call orainating 
from a phone within the wireline network is routed to a base station before 
going over the satellite and down to the mobile receiver. From this figure, it 
can be seen that regardless of how close the fixed telephone is to the mobile 
receiver, the call is first routed to a control base station which could be 
sufficiently far away from the point of call origination so as to turn what 
could have been a short distance phone call into a long distance one. The 
user charges for this type of pnone call may be more than what the market 
might accept. 

This problem can be somewhat mitigated by increasing the number of base sta- 
tions within each S-band beam. Figure 2-10 ( b) shows the case where a bas? 
station is located within each of the four UHF beams. Note however, that 
since the base stations must communicate with the satellite through the S-band 
beams, the four stations must be arranged such that they are within the S-band 
beam footprint. 

In the eventual system design, there will probably be a tradeoff between the 
capital and operating cost of the base stations on the one hand and the average 
cost of placing a call on the other. Since the user will end up paying the 
cost in either case, directly or indirectly, the number of base stations should 
be optimized for the minimum user cost. 
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Figure 2-10. Two Configurations for Locating the Bas '"tations. In Figure ?-10(a), 

a Central Base Station Serves All Four Beams Whereas, in Figure 2-1 0( b) 
Each UHF Beam is Served by a Single Base ~ nation 



Because of the above argument, the design presented in this report is aimed 
at leaving the option open for increasing the number of base stations in the 
system. Referring to Fig. 2-8, note that in each cluster, it is possible 
to place a base station in each UHF beam in such a manner that all the base 
stations are covered with an S-band beam. The only exceptions are the two 
UHF beams at the tip of Florida and Texas. 
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2.8 LMSS SYSTEM DESIGN SUMMARY 


Summarizing the LMSS system design presented in this section, the system has 
a large UHF antenna producing 87 UHF beams covering CONUS. Additionally, there 
is an S-band antenna producing 25 beams covering 25 base stations. Each base 
station services an area equivalent to that covered by a cluster of UHF boams 
with 1, 3, or 4 beams-per-cluster. Two 10 MHz bands in the UHF and two 35 MHz 
bands in the S-band are assumed available for this service. The 10 MHz bands 
are reused among the UHF beams in accordance with a 7-frequency reuse pattern 
while the 35 MHz bands are reused among the S-band beams using a 4-frequency 
reuse pattern. Only one circular polarization sense is used. (An alternative 
system based on polarization diversity is presented in Appendix C.) The voice 
channels are 15 KHz wide as a result of employing narrow band FM modulation 
which requires minimal modification to the mobile equipment of the proposed 
cellular system. There are 95 voice channel s-per-UHF beams resulting in 8,265 
total channels. Assuming a 2 percent blocking probability, it is envisioned 
that the ratio of users served to available channels will be 33 resulting in a 
system capacity of 270,000 users. 

The underlying assunption is that the average generated traffic-per-user-per- 
busy hour is 0.026 Erlangs. Table 2-1 sunmarizes the salient features of the 
LMSS design. The detail description of the space segment for this system is 
presented in Chapter 3. 
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Table 2-1. Salient Features of the LMSS Design 


I - Given Parameters 

o User Capacity (radiotelephone only) 
o Coverage area 
o Total bandwidth 

o Grade of service 

o Average telephone traffic- 
per-user during busy hour 

o Other constraints 

II - Derived Parameters 

o UHF beams 

- Number of beams 

- Number of reusable sub-bands 

- Number of channel s-per-beam 

- Polarization 

- Polarization diversity 
o S-band beams (backhaul) 

- Number of beams 

- Number of reusable sub-bands 

- Number of channel s-per-beam 

- Polarization 

- Polarization diversity 

o Number of base stations 

o Number of UHF beams served 
per base station 

o On-board switching 

o Total number of duplex channels 

o User-to-channel ratio 


270,000 

CONUS 

two 10 MHz bands in UHF (806-890) 
two 35 MHz bands in S-band (2500-2690) 

2 percent probability of system 
overl oad 

0.026 Erlangs 

Close compatibility with the 
terrestrial cellular system 

87 

7 

95 

Ci rcul ar 
Not used 

25 

4 

95-380 
Ci rcul ar 
Not used 
25 

1-4 

Not provided 
8,265 
33 
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SATELLITE SYSTEM DESIGN 


Chapter 3 constitutes the core of this report and presents the design of MSAT 
which is the spacecraft for the LMSS. The most important requirement affecting 
the design of MSAT is that of producing a prescribed number of multiple beams 
as set rorth in Chapter 2. Starting with this requirement. Chapter 3 develops 
a conceptual design fo^ .*1SnT describing most major subsystems individually. 
Naturally the bulk of the discussion is aimed at the design of the large UHF 
multiple beam antenna and its associated feed array which are the most 
singularly prominent features of MSAT. The chapter begins with an overview of 
the overall design, and continues with a discussion of each subsystem. The 
material covered in this chapter inc’udes the design of the feed array jnd the 
KF, control, power, propulsion, and thermal subsystem. The RF performance of 
the UHF antenna, including its beam isolation performance, is discussed at 
some length. The chapter concludes with the volume and mass properties of MSAT 
and its Shuttle launch considerations. 
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3.1 MSAT DESIGN OVERVIEW 


This section provides a description of the overall MSAT design. The intention 
is to provide an overview of the entire satellite system prior to a more 
detailed discussion of each major subsystem. 

MSAT is a communication satellite designed to operate in geosynchronous orbit. 
It provides radiotelephone communication for mobile vehicles which are equipped 
only with low-gain antennas and relatively simple receivers. The mobile 
vehicles are expected to roam anywhere within the coverage area, which for the 
purpose of this design, is taken to be CONUS. Through MSAT, these vehicles 
communicate with each other as well as with regular phones within the wireline 
network. To enable this feat, MSAT uses two sets of multiple beam antennas. 

A large, 55-m UHF antenna provides the communication between the mobile vehicle 
and the satellite, and a smaller 10-m S-band antenna relays the signals frcn 
MSAT tc the base stations which serve as the interface between the LMSS and 
the regular wireline network (see Fig. 3-1). A brief description of some 
salient features of MSAT follows. 

UHF Antenna 

The most prominent feature of MSAT is its 55-m offset- fed mesh deployable 
parabolic reflector. In addition to providing a large gain, which is needed 
to compensate for the low qain of the mobile antennas, this large reflector 
produces 87 narrow beams thus enabling efficient use of the available frequency 
spectrum through spatial diversity and frequency reuse. 

The UHF reflector is fed by a large microstrip planar feed array. Tne array 
has an overall rectangular envelope of approximately 6.9 by 11.4 m and uti- 
lizes 134 f eed elements to form the 87 UHF beams. 
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Figure 3-1. A Conceptual Drawing Depicting MSAT 
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An L-shaoed deployable mast, whose dimensions are approximately 83 m for the 
lower segment and 34 m for the upper segment, attaches the UHF reflector to 
the HSAT bus (see Fig. 3-1). The long length of the lower segment of the mast 
is required so as to provide a large F/D ratio (antenna focal length- tu- 
reflector diameter ratio), which is reeded for satisfactory performance of the 
multiple beam antenna. 

A detailed electrical design of the UHF antenna is presented in Section 3.4. 

The structural description of the reflector and feed array are presented in 
Sections 3.11 and 3.12 respectively. 

S-Band Antenna 

A second, smaller 10-m antenna forms 25-multiple S-band beams which provide 
communication between the satellite and the base stations. This is also an 
offset- fed mesh deployable antenna with a planar feed array. The S-band 
antenna is discussed in Section 3.6. 

Power Requirement 

MSAT provides a total of 8,265 duplex voice channels each requiring an approxi- 
mate RF power of 1/4 W. This results in a rather substantial requirement of 
2 kW of RF power which must be provided by the MSAT power amplifiers. The 
prime power for the amplifiers, as well as other electronic equipment, is 
generated from two deployable solar arrays, each approximately 4 by 9 m, which 
are sized to produce 10 kW of DC power at the beginning of the mission. The 
power-per-channel requirement is discussed in Section 3.9, while Section 3.10 
discusses the MSAT power subsystem. 
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Attitude Control 


HSAT, with its massive feed, large booms and reflectors, sheer size and low 
structural frequencies, constitutes a large flexible spacecraft whose attitude 
control presents a challenge of unprecedented proportions. First of all, HSAT 
dimensions are of the order of IOC m, making it considerably larger and more 
flexible than any spacecraft flown to date. Secondly, this very large sat- 
ellite must be stablized and pointed to very precise requirements (0.03 
degrees). These challenges are met with an advanced control system design 
which combines state-of-the-art attitude control technology with emerging 
advancea control software and hardware technologies for in-orbit system 
identification, foed motion compensation, and distributed sensing and control, 
in order to achieve precise pointing and active vibration damping of this 
large satellite. The attitude control system is discussed in Section 3.13. 

Thermal Radiators 

MSAT dissipates a substantial amount of power in terms of heat. The UHF 
power amplifiers, even with a 50 percent efficiency, dissipate 2 kW of waste 
heat, which must b„ disposed. The heat from the power amplifiers, which are 
phys cally distributed over the 58 area behind the UHF feed array, is trans- 
ported via heat pipes to remote thermal radiators located at the top and the 
bottom of the UHF feed panel as shown in Fig. 3-1. The thermal radiators are 
discussed as a part of the feed structure in Section 3.12. 

Mass and Other Properties 

The overall weight of the spacecraft at the beginning of the mission is 
approximately 4,000 kg (8,800 lb). Its launch requires a dedicated Shuttle 
„argo bay and an upper stage vehicle, with similiar p-oyload capabilities as 
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the proposed wide-v <• fcfitaur. "Tie spacecraft is designed for a 10-year life- 
time and carrier .fficient propellant to perform north-south and east-west 
stationkeeping during its life. More detail is given on the propulsion sub- 
system in Section 3.14, mass properties in Section 3.15, and launch considera- 
tion in Section 3.16. Table 3-1 summarizes the salient features of the MSAT 
design. Following this brief overview, the rest of Chapter 3 is devoted to a 
more detailed discussion of the major subsystems. 
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Table 3-1. Salient Features of MSAT 


Location 

110® W. Longitude 
(Geostationary Orbit) 

Coverage Area 

CONUS 

Frequencies 


- Mobile Vehicle - Satellite 

UHF 

- Base Station - Satellite 

S-band 

Number of Voice Channels 

8,265 

EIRP-Per-Channel (UHF) 

46.8 dBW 

Number of UHF Beams 

87 

Number of S-band Beams 

25 

Beginning-of-Life DC Power 

10 kW 

Li fetime 

10 jears 

Launch 

Single Shuttle 

Upper Stage 

TBD 

Weight 

4,000 kg 

t 





3.2 ANTENNA SYSTEM ACCURACY REQUIREMENTS 


There are several system performance requirements which impact the design af 
MSAT. Major design drivers include accuracy requirements of the large UHF 
antenna which is the most imposing component of MSAT. Accordingly before 
embarking on the design of MSAT in general and its UHF antenna in particular, 
it is necessary to establish those antenna requirements which have a strong 
impact on this design. Major antenna requirements to be addressed include: 

1} antenna pointing requirement; 

2) antenna stability requirement; 

3) antenna surface control requirement; and 

4) feed/dish relative position and alignment requirement. 

Before establishing the requirements for the MSAT antenna pointing and stabil- 
ity, it is important to clearly define what is implied by each of these terms. 
The boresight of the multiple beam UHF antenna is to be pointed at the center 
of CONUS at a longitude and a latitude to be specified. For the purpose of 
the discussion at hand, it is assumed that the boresight is to be pointed at 
Kansas City. However, due to a number of errors in the structure, control , 
and RF subsystems which are not easily cal ibratable, the antenna boresight 
will be pointed slightly off the desired target. The pointing requirement 
dictates, in degrees, the maximum absolute uncal ibratabi c error, due to all 
sources, Trom the specified pointing direction. 

During the of the mission, due to various internal and ex ten distur- 

bances, the antenna boresight will dev » ate constantly from t,.e initial pointing 
direction. Pointing stability dictates the maximum jitter or deviation aoout 
the initial pointing. 


3-9 




Antenna Pointing Requirement 


In establishing pointing and stability requirements for the MSAT, it is assumed 
that any dynamic disturbance in the spacecraft will move the multiple beams in 
unison such that no differential movement between the beams will occur. Under 
this assumption the initial pointing error will only affect the coverage of 
CONUS at its boundaries. Referring to Fig. 2-5 for example, note that if 
during the initial pointing, the antenna boresio't misses Kansas City to the 
north by an amount equal to half a beanwidth, then the entire 87-beam footprint 
will be shifted northward leaving only the southern border of CONUS with 
degraded coverage. 

Rather than proposing a very stringent requirement on the pointing, a beam 
layout could be specified that covers slightly more than CONUS, so that a small 
misdirection of the 87-beam ensemble boresight will not result in an inferior 
performance at the CONUS boundaries. With this in mind, the pointing require- 
ment is established at 0.1 degrees or roughly 1/4 of an individual beamwidth. 

Antenna Stability Requirement 

Pointing stability, however, is more critical and should be analyzed in relation 
to a typical call setup. Once a mobile user initiates a call in a particular 
UHF beam, and is assigned a channel from the pool of channels available to 
that beam, it is important that the user be able to finish his call while he 
is within the same beam. In contrast, in the terrestrial cellular system, a 
mobile user may roam from one ceil to another requiring that the call be 
handed over from one cell to the next, in a manner that is transparent to the 
user. In the terrestrial system, typically the user starts a call in a given 
cell, on a given channel, and, during the duration of the call, he may travel 
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through several cells with the channel assignment changing several times. In 
the cellular system where each cell may be typically a few city blocks wide, 
this method of operation is necessary. However, beam-to-beam call hand-over 
in the MSAT is cumbersome and in most cases unnecessary. After a call is 
initiated in a beam, the user may find himself in the next beam because either 
he has driven to the area covered by the next beam or, a disturbance to the 
spacecraft has caused the beams to move relative to him. The first case is 
not critical. A user travelling at 96 km/h (60 mi/h) would cover a distance 
of only 8 km during a typical 5-minute phone call. Even if the call is 
initiated right at the edge of a beam, the 8-km shift would represent a negli- 
gible loss in the received power. 

Thus, the antenna stability requirement is established based upon the maximum 
allowable beam motion which permits a call to be initiated and terminated 
while the mobile user is within the same beam. For this reason, pointing 
stability is established at 0.04 degrees or roughly 0.1 of a beamwidth. For 
a nominal UHF beam, if a user initiates a call at the edge of the beam, and if 
the beam moves relative to his location by 0.04 degrees, the EIRP should drop 
by no more than 1 dB. Accordingly, 1 dB pointing error power margin has been 
included in the MSAT link budget design 

Reflector/Feed Kelative Position and Surface Accuracy Requirement 

Several R&D activities are underway in order to define and quantify the above 
two requirements (see Section 5.1). More work is needed to determine the level 
of distortion in the RF patterns due to antenna surface disturbance and due to 
the misalignment and relocation of the feed relative to the reflector. Pre- 
liminary results indicate that a surface accuracy of greater than A/60 rms may 
be needed in order to keep the RF si delobes within 'l to 3 dB of its desired 
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value. Additionally, from the early results, it appears that the In-and-out 
movement, I.e., the defocuslng, of the feed relative to the reflector must be 
kept to within two wavelengths. 

The feed array panel movement relative to the reflector in the transverse 
plane results In the shifting of the ensemble multiple beams relative to the 
coverage area. Thus, the antenna pointing and stability requirements discussed 
earlier implicitly bound the allowable feed rotation and feed translation in 
the transverse plane. Nominally this movement should be limited to +3 cm to 
limit the beam shift to 0.02 degrees (i.e., half of the antenna stability 
requi remen t) . 

Rotation of the feed panel relative to the reflector also results in the deteri- 
oration of the RF patterns. In general, more work is required to establish 
feed/reflector alignment requirements. 
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3.3 SELECTION OF AN ANTENNA CONCEPT 


The most prominent feature of MSAT is its large UHF antenna. As determined in 
Chapter 2, 87 beams must be p oduced in order to support the projected market 
for the LMSS. This in turn necessitates antennas with aperture diameters in 
the order of 50 to 60 m. A major decision at the outset of the design process 
is the selection of an antenna concept both from a structural and an electrical 
point of view. 

3.3.1 Electrical Considerations 

From electrical ( RF ) considerations, phased arrays, lenses, and reflector type 
antennas are all potential candidates [Ref. 1]. 

The main advantage of a lens over a parabolic reflector is the absence of 
aperture blockage and potentially better lateral scan characteristics. Uti- 
lizing an offset reflector configuration overccxnes the blockage problem and a 
long focal length yields adequate scan characteristics; thus, the lens does 
not offer better electrical performance. T he major disadvantage of a lens is 
the weight. In lenses, some medium, artificial dielectrics, dielectrics, or 
waveguides, are required to focus the rays. Since the surface area of this 
medium is of the same size as the aperture (i.e., approximately 50 to 60 m) 
and weighs considerably more than a lightweight reflecting mesh that is used 
in reflector antennas, a lens approach if not considered viable. 

Phased arrays offer the advantages of rapid scan, flexibility of reconfigura- 
tion (electronic scanning allows for changes in radiation patterns to adjust 
for traffic fluctuations), higher aperture efficiency (no losses due to 


3-13 




spillover, com u lobe or aperture blockage), and increased reliability (failure 
of a few elements does not eliminate a coverage region). However, these 
advantages come with the significant penalties of complexity and weight. 

In a phased array design for simultaneously operating beams, each and every 
beam is formed by the same 2-dimensional array cf elements whose overall 
aperture ze is that of an equivalent reflector antenna (50 to 60 m). In 
order to have at least one degree-of-freedom in producing each distinct beam, 
the minimum number of required radiating elements of the array would be equal 
to the number of beams. In practice, however, their number could run into 
thousands. The weight of such a structure would be considerably more than a 
reflector antenna system. In addition, the complexity of the beam forming 
network would be staggering. 

For these reasons, the selection of the UHF antenna is restricted to the 
reflector antenna systems. 

3.3.2 Structural Considerations 

Selection of a reflector antenna structural /mechanical conceDt for the MSAT 
has been strongly influenced by the various studies performed under the Large 
Space Systems Technology (LSST) Program in the NASA Office of Aero tics <md 
Space Technology (OAST). 

In order to evaTuate the current and projected capability for large mesh 
deployable antennas, the LSST program has reviewed the scate-of-the-a "t for 
this class of antenna. The basic types of antenna structures considered in- 
cluded; a) radia 1 '•ib, b) tension-stiffened naypole, c) truss, and d) advanced 
concepts. The criteria used to aid the assessment and selection of these 
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specific concepts included such factors as; a) surface precision in the 
intended service environment, b) mechanical packaging efficiency, c) maturity 
of concept, d) cost, e) weight, f) refurl abi 1 ity, g) deployment reliability, 
h) concept growth potential, i) applicability of concept for different applica- 
tions, j) applicability for active surface control, and k) dynamic character- 
istics. Based on this review, NASA OAST has selected two specific antenna con- 
cepts, i.e., the offset wrap-rib and hoop/colimn for development, for three 
classes of applications: communications, radiometry and VLB I [Ref. 2]. 

Requirements, for antennas with apertures up to 100 m in diameter for operation 
up to X-band, result from these classes of applications. The two concepts 
selected for development have the potential for satisfying the requirements for 
all three classes of application. 

The Lockheed Missiles and Space Company (LMSC) wrap- rib antenna concept has 
successfully demonstrated its axisymmetric design capability with flight 
appl ications, the most notable being the ATS-6. This cantilever rib-type of 
reflector configuration is directly applicable to the offset reflector. The 
L-shaped deployable reflector support structure for the offset configuration 
is the only significant new development challenge (see Fig. 3-1). 

The Harris Corp. hoop/column antenna concept has the potential for very large 
size apertures using a modified TDRSS antenna surface-shaping approach in con- 
junction with a cable-stiffened support structure. 

Even though both antenna concepts have great potential for the three classes 
of application identified under the LSST program, the LMSC offset wrap-rib is 
somewhat a more mature concept at this time as a consequence of a successful 
space flight experience. Consequently, JPL selected the offset wrap-rib 
antenna for the MSAT design. 
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The Harris hoop/column antenr.a can provide Multiple apertures which can be 
used to some advantage In the design of an LMSS system. However, the resulting 
spacecraft would be heavier than a similar spacecraft using single aperture 
offset wrap-rib antenna. 
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3.4 UHF ANTENNA DESIGN 


Due to relatively low frequency (large wavelength), the UHF satellite antenna 
will be the largest and heaviest antenna on board MSAT. Furthermore, since It 
communicates with mobile vehicles which have very low-gain antennas and rel- 
atively unsophisticated receivers, the UHF antenna has to have excellent 
electrical properties such as low loss, high gain, and low sidelober.. Due to 
size and weight considerations, it is proposed to use the same 'JHF antenna 
system for both the uplink and the downlink. This means that the same radi- 
ating feed elements are used both for transmitting and receiving signals, i.e., 
they would have to operate on a wider bandwidth than would have been required 
otherwise. Furthermore, diplexers would be needed to separate the transmit and 
receive mode signals. On the other hand, the mechanical and structural superi- 
ority of using one reflector and one feed structure instead of two is quite 
obvious. 

3.4.1 Antenna Size and Beam Layout Specifications 

The following general requirements have been levied on the design of this 
antenna: 

i) Produce 87 contiguous beams covering CONUS; 

i 1 ) Achieve at least a 27-dB interbeam isolation (see Section 3.5); and 
ili) Use a 55-m antenna. 

Generally in designing a multiple beam antenna system, only the first two of 
the above constraints are levied on the antenna designers. Producing 87 beams 
at UHF frequency necessitates an antenna having a diameter in the range of 50 
to 60 m. The exact antenna size is derived by a design procedure involving 
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other RF parameters, such as the edge taper (see Appendix E for a general 
design procedure). However, for MSAT, rather than following such a design 
procedure, at the outset a 55-m antenna is selected to benefit from a wealth 
of data available through the NASA LSST Program. (It was mentioned in Section 
3.3.2 that, independent of the LMSS Program, JPL, through its contractor 
Lockheed Missiles and Space Company (LMSC) and under the LSST program, is 
developing a 55-m mesh deployable antenna with application to multiple beam 
communication. A great amount of data on dynamic behavior, thermal behavior, 
weight, etc., for this antenna already exists under the LSST program.) 

Figure 2-5, which is repeated in Fig. 3-2 for convenience, shows 87 beams of 
0.45 degree footprints covering CONUS as viewed from the satellite. The number 
0.45 degrees refers to the interbeam separation 0g and as such provides the 
size of the beam footprint. The relationship of 0g to beamwidth (BW) is 
explained with the aid of Fig. 3-3. The beamwidth is defined either with 
respect to a prescribed power level, usually half-power or -3 dB level and is 
denoted half-power beamwidth (HP8W), or with respect to the crossover level 
(COL) of two adjacent beams in which case it is denoted crossover beamwidth 
(COBW). The interbeam separation 0g is equal to the COBW but may be larger or 
smaller than HPBW. Also denoted in Fig. 3-3 is the triple crossover level 
(TCOL) which is the level at which three adjacent beams crossover. This level 
is important in the design of the telecommunication link because it denotes 
spots in the coverage area with minimum EIRP. 
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Figure 3-2. Outline of the Continental United States (CONUS) Covered by Beams of 
0.45 Degrees Beamwidth, as Viewed From the Geostationary Satellite at 
110° W. Longitude 
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Figure 3-3. Definition of Crossover Beamwidth (COBW ■ flg. Beam 

Footprint Size); Crossover Level (COL); Half-Power 
Beamwidth (HPBW); Triple Crossover Level (TCOL) 
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3.4.2 Antenna Geometry 


For multibeam systems with large feed structures, the performance of an axi- 
symmetric reflector antenna would be drastically impaired by the high blockage, 
due to the feed and feed support trusses, transmission lines, etc. This fact 
can be readily seen from Fig. 3-4(a,b) [from Ref. 1] where a 20 percent linear 
blockage could result in over 0.5 dB gain loss and, more significantly, upwards 
of 10 dB sidelobe level deterioration. In a symmetric dual reflector, the 
blockage due to a subreflector will aggravate the problem even further. It 
can be concluded that symmetric systems are not generally suitable for frequency 
reuse multibeam systems. T he offset reflector configuration (whether single 
or dual) essentially eliminates blockage, thus allowing for a significant 
reduction in the sidelobe levels. Accordingly, an offset-fed reflector antenna 
was selected for MSAT. 

The design of the UHF antenna is now described with the aid of Fig. 3-5, which 
defines the basic geometrical parameters of an offset- fed single reflector 
antenna system. Although the actual design is accomplished through several 
iteration processes (for more detail see Appendix E), the following factors are 
taken into account in the geometrical design of the UHF antenna. 

i) According to Fig. 3-2, the beams farthest away from an optimally chosen 
central beam direction are +8 8W scanned. This requires a relatively 
large F/D p which is the determining factor in the scanning performance 
of the antenna. Both gain and sidelobe levels are less deteriorated for 
larger values of this parameter. Additionally, the beam deviation factor 
and beamshift (squint) for circularly polarized waves will be smaller for 
larger values of F/D p . 
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Figure 3-4(a). Gain Loss Due to Blockage (From Ref. [1]) 



Figure 3-4 ( b) . Sidelobe Level vs Aperture Blockage Ratio for a Circular 
Aperture With Various Illuminations (From Ref. [1]) 
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However, a larger F/D p requires a larger focal length, F, which is 
unattractive from a mechanical viewpoint since it leads to a longer feed 
support structure. Thus, the actual focal length will be based on a 
compromise between these two conflicting requirements. 

ii) Referring to Fig. 3-5, a larger F/D p ratio can also be achieved by 
choosing the smallest acceptable value for the edge offset height, h e , 
since this leads to a smaller D p . A simple but approximate formula for 
this parameter is given by: 

h e > 2F tan [(M + 0.5) 0 B ] (3-1) 

in which M is the maximum number of beams scanned below the axis of the 
reflector in the offset plane (plane of Fig. 3~5), and 9g is the beam 
footprint in degrees. The value of h e is chosen such that the lowest 
geometric ray clears past the upper tip of the feed assembly. The 
actual h e should be slightly above this margin in order to minimize the 
effect of the diffracted rays from the edge of the reflector. 

iii) Figure 3-2 indicates that the maximum beam scan is +8 beams in the east- 
west direction and +4 beans in the north-south direction. Accordingly, 
the feed and the reflector should be arranged in a north-south offset geo- 
metry. This geometry has two advantages. One, it results in a smaller 
edge offset h e and hence in a larger F/D p and better scanning per- 
formance; two, it leads to a smaller number of scanned beams in the offset 
plane which is generally recognized to degrade the performance faster, as 
a function of beam scanning, than the plane perpendicular to it. 
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DEFINITION OF PARAMETERS: 

F FOCAL LENGTH OF THE REFLECTOR 

D REFLECTOR DIAMETER (DIAMETER OF THE CIRCULAR PROJECTED APERTURE) 

D p DIAMETER OF THE GENERATING (PARENT) PARABOLOID 

h OFFSET DISPLACEMENT (HEIGHT) OF THE CENTER OF THE 
c REFLECTOR APERTURE 

h g OFFSET DISPLACEMENT (HEIGHT) OF THE LOWER EDGE OF THE REFLECTOR 


Figure 3-5. Basic Geometrical Parameters of an Offset-Fed Single 
Reflector Antenna System 
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Table 3-2. UHF Direct-Fed Offset Reflector Antenna Parameters 


Parameter 

Value 

N, Number of Beans Covering CONUS 

87 

6p, Cross-Over Beainwidth 

0.45° 

D t Offset Reflector Diameter 

55 m 

Dp, Parent Paraboloid Diameter 

123 m 

F, Focal Length 

82.5 m 

h e , Reflector Edge Offset Height 

6.5 m 

h c . Reflector Center Offset Height 

34 m 

F/D 

1.5 

F/Dp 

0.67 

Latitude and Longitude of Central 
Beam on the Ground 

37° N., 96° W., 

Maximum Scanning in East-West Direction 

+ 8 BW 

Maximum Scanning in North-South Direction 

+ 4 BW 
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Following the above considerations, the geometric parameters of the offset-fed 
single reflector antenna are summarized in Table 3-2. 

3.4.3 Feed Array Design 

The selection of a set of radiating elements for feeding the reflector is 
probably the most critical step in the design of any simultaneously operating 
contiguous multi beam antenna. This section presents some design challenges 
in connection with the feeds for the MSAT UHF reflector antenna. 

Once the geometry of the offset reflector is known (see Fig. 3-5 and Table 
3-2), the feed elements location and their configuration must be specified. 
Feeds are located on the offset focal plane, i.e., the plane passing through 
the focus and perpendicular to the line joining the focal point to the point 
on the reflector which projects on the center of the circular aperture (see 
Fig. 3-6). All the feed elements should be oriented toward this latter point 
(for a more complete discussion of feed orientation see Ref. 3). Theoreti- 
cally, the feed elements should be located on the so-called 'focal surface' 
which is not planar. However, practical structural considerations dictate 
that the feed be laid out on a planar surface in a uniformly spaced grid. 
Redirection of elements towards the center of the reflector, for proper illumi- 
nation, will be accomplished by proper phasing of the cluster of elements 
constituting the feed for a given beam. However, in a single-element feed 
situation, an actual mechanical redirection is needed. 

The distance df between adjacent feeds corresponding to adjacent beams on the 
offset focal plane is given by: 

df - L c tan Qf (3-2) 
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in which L c is the distance from the focal point to the reflector center and 
Of is the angle between two adjacent feed directions (Fig. 3-6). This angle 
is related to the corresponding angle between adjacent beams (interbeam angle), 
9j$, by the beam deviation factor BOF as shown in Eq. (3-3). 

BDF = 9 B /9 f (3-3) 

The BDF is generally close to unity; its actual value depends on many reflector 
parameters, particularly F/'D ratio and illumination taper [see Ref. 4], The 
calculated values of BDF and other relevant data needed for the evaluation of 
df from Eqs. (3-2) and (3-3) are presented in Fig. 3-6. Based on the above 
discussion, the interfeed separation, df, which is also the maximum feed 
aperture size available per beam, is: 

df “ 68.6 cm ^ 2 X (3-4) 

in which 34.42 cm is the wavelength at f = 87 1 MHz, midpoint of the down- 
link frequency band. 

It can be shown that a circular horn of this size has a gain of approximately 
13 dB and illuminates the reflector with an edge taper of about 3.8 dB. The 
pattern of such feed and other similar feeds (such as open-ended waveguides) 
can be aoproxii jted in their main beam region by cosine functions (Cos q e ). 
Computer programs have been developed at JPL which efficiently and accurately 
compute diffracted far-field patterns of reflector antennas for any given feed 
pattern [Ref. 5]. Figure 3-7 shows a typical antenna far-field pattern for 
the MSAT reflector with a 2 X diameter feed whose pattern is approximated by a 
cosine function. This figure indicates high sidelobe levels which will cause 
unacceptable levels of interference as will be discussed in Section 3.5 on 
beam isolation. 
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L = 86.0m, 0 = 23.29°, 0 = 18.18°, BDF = 0.987 
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Figure 3-6. Certain Angular Parameters of tne UHF Feed-Reflector 
System 
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Figure 3-7. Far- Field Pattern (in Offset Plane) of the UHF Antenna with a 
2X Diameter Circularly-Polarized Feed Having a Pattern 
Approximated by a cos q 8, Located at Focal Point 
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Feed Packing Problem in a Contiguous Multi beam Antenna 


There are basically three ways to reduce the interference in a multibeam system: 

1) Moving all th*> beams farther apart. This, however, means an unacceptable 
decrease in the crossover power level, COL, from about -3 dB to -10 dB 

or less, which increases the powe~ requirement of the system by the 
difference. Even if the extra required power on the satellite can be 
tolerated, by decreasing the COL the beam footprints get larger thus 
reducing the number of beams covering the given area which in turn 
reduces user capacity of the system. 

2) Moving cochannel beams (those having the same frequency) farther apart 
(this will be discussed in detail in Section 3.5 on isolation), but a 
reasonably large number of frequency reuse (which is, after all, the 
main reason for the adoption of multibeam systems) requires the proximity 
of cochannel beams. 

3) Reducing si delobe levels of the beams by a more tapered illumination of 
the reflector. This is the only reasonable alternative. 

Consider a feed-hern which produces 15 dB edge taper at the reflector. It 
can be shown that its diameter has to be approximately: 

d - 4 X (3-5) 

This, however, is much larger than the available interfeed spacing, df - 2x, 
as given in Eq. (3-4). It is evident that the provision of acceptable levels 
of isolation between adjacent beaw requires feed aperture diameters signifi- 
cantly larger than the physical space available. That is: d > df. As shown 

in Fig. 3-8(a). it is apparent that for d > df, the feeds of the adjacent 
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beams would have to overlap. This problem might be solved in various ways as 
discussed below. 

a) 'Super Gain* Antennas 

Theoretically, one way to solve the feed-packing problem is the use of 
radiating elements whose 'effective' aperture size is much larger than their 
physical one, thus achieving the required gain, and hence, illunination taper 
at the reflector, without the overlapping problem. Naturally, such elements 
have small physical cross sections, but are much longer than aperture type 
elements. These kinds of elements are basically travelling-wave antennas of 
the surface-wave or leaky-wave varieties. Examples are: cigar antennas, yagi 

dipole or crossed dipole array antennas, zigzag antennas, helical antennas, 
etc. There are three basic problems associated with the use of such structures 
as a single element-per-beam in the design of contiguous multibeam antennas. 

i) Although, individually in free space, they are capable of producing high 
gain directive beams, their behavior in an array environment (in the 
presence of feeds for other beams) is not completely known. The problem 
of coupling, where the effective aperture of array elements overlap, is 
rather complicated. Based on experiments at JPL and elsewhere on arrays 
of cigar antennas, and a survey of literature on the subject, gain of the 
individual elements in the array environment is reduced and might not be 
sufficient for the high-tapered illumination of the reflector. Further 
study might be needed. 

1i) Structurally, very long elements (here, of the order of several wave- 
lengths, i.e., 2 m or more) do r.ot lend themselves to a clean, compact 
design and deployment of the feed array structure. 
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iii) The use of a single- element feed- per- beam does not provide the 

possibility of phase or amplitude adjustments present in a multiple- 
element feed which could be utilized for the improvement of scanned 
beam performance. 

b) Overlapping Cluster Feeos 

The overlapping problem can be solved if each feed is composed of several 
small elements, some of which are shared by the feeds of adjacent beams. This 
is the overlapping cluster feed concept. Figure 3-8(b) shows a 7~elemet.t 
cluster configuration. There are a variety of cluster arrangements that lend 
themselves to the staggered beam configuration of Fig. 3-2. In an equilateral 
hexagon arrangement, the number of elements per cluster is given by: 

N c = 3n (n + 1) + 1 , n = 1, 2, 3, . . . . (3-6) 

The simplest cluster is obtained with n = 1, N c = 7. A 7-element cluster 
provides a physical aperture area of d = 3 x df = 6\. It can easily be shown 
that in terms of an equivalent feed-horn of 6>. ir: diameter, directive gains of 
around 23 dB, and edge tapers of about 34 dB at the reflecter are possible. 

The exact values obtainable for the gain and v.dg-. taper depend, of course, on 
the particular elements used and more importantly on the excitation levels of 
the cluster elements. 

Figure 3-9 shows a 7-element cluster teed arrangenent corresponding to the 87- 
beam conf iguration of Fig. 3-2. This figure shows the feed elements as viewed 
from the reflector center. The circles represent the feed apertures and the 
total number of feed elements is 134. 
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Figure 3-8(a). Two Overlapping Single Feeds (Physically Impossible). 

(The Dashed Circles Represent the Largest Physically 
Acceptable Single Aperture Size) 



Figure 3-8(b). Two Overlapping 7-Element Cluster Feeds (Four Corrmon Elements) 
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Figure 3-9. Feed Array Layout With a 7-Element Cluster Feed Arrangement. 
Each Circle Represents a Feed Element 
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3.4.4 Computed Primary (Feed) and Secondary (Reflector) Far-Field Results 


Microstrip patch elements are used to realize the UHF feed array; a 7-element 
cluster is used for all the beams with interelement separation of df = 2 A . 

Each element itself is composed of four square microstrip patches. The choice 
of the microstrip patch antenna has been based on the compactness and the ease 
of integration. However certain concerns regarding bandwidth and cross-polari- 
zation properties remain. These problems are presently under both theoretical 
and experimental investigation at JPL. 

A description of the structural details of the patch antenna is given in 
Section 3.12.1. Each patch is fed at two points for circular polarization. 
Since the feed has to operate in both uplink and downlink, its required band- 
width is 


BW = +(876 - 821 ) / (876 + 821) = +3.25% (3-7) 

about the midband frequency of 848.5 MHz. This relatively large bandwidth for 
a microstrip patch antenna requires a relatively thick substrate. The charac- 
teristics of the selected microstrip patch are given in Table 3-3. A theoret- 
ical model for the patch is developed at JPL, which gives accurate copolar 
and approximate cross-polar information. A combination of four, seven, or a 
maximum of nine patches can be used to form one element of the 7-element 
cluster with an aperture size of d e = 2 A . However, nine patches barely fit the 
given element area available; there might be a mutual coupling problem, and 
they have to be coax- fed from underneath, since in this case there is no real 
estate available on the surface for feeding by microstrip. With four patches, 
however, there is enough area available between patches f or microstrip feeding. 
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Table 3-3. Characteristics of a Square Microstrip Patch Antenna 



Frequency Band 

~r~ 

i 

i 

821-876 MHz 



of Operation 

i 

i 




Bandwidth at 

i 

i 

7 percent 



VSWR: 1.5 

i 

i 




Size 

i 

i 

0.41a x 0.41x 




i 

14.1 cm x 14.1 cm 




i 

i 

at 871 MHz 


1 

1 

1 

1 Thickness 

i 

i 

1 

1 .8 cm 

i 


1 

Substrate 1 

! 




1 Rel ati ve 

I 

1.17 



1 Dielectric 

1 




1 Constant 
1 
1 

1 

1 

1 
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Furthermore, there is the possibility of varying the interpatch distances for 
an added, albeit limited, degree of feed-pattern optimization. Numerous cases 
have been studied and a 4-patch combination with interpatch distance d p = 0.9 x 
has been selected. 

Figure 3-10(a) shows a far-field pattern cut of a single circularly-polarized 
patch. Figure 3- 10(b) shows the pattern of four such patches, uniformly fed, 
that form an element of the 7-element cluster. Seven such 4-patch elements 
are used to produce a cluster pattern which is shown in Fig. 3-10(c). The 
progressively increasing taper in Fig. lC(a,b,c) is quite evident. 

The power levels of the six outer elements of a cluster are equal and 13.5 dB 
below the center element. In an optimally designed case, the excitation of 
the outer elements will be unequal and will be selected for the best electrical 
performance. 

The computed far-field of the reflector is given in Fig. 3-1 1 ( a ,b) for the 
center beam (feed at focus). It is shown in Section 3.5 that this pattern is 
quite adequate for keeping the interference to acceptable levels. It should be 
noted that the effects of reflector surface tolerance, feed element amplitude 
and phase variation, and other factors of a statistical nature, have not been 
included in these curves. 

In order to observe the scan characteristics of thp reflector system, the far- 
field patterns of a beam scanned by eight beamwidths in the eastern direction 
are presented in Fig. 3-12 ( a ,b) . A comparison of Figs. 3-11 and 3-12 reveals 
little change in the sidelobe levels, especially for second and higher lobes. 
The main lobe broadening is also minimal. 
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The directive gain of the patterns of the focal and scanned beams presented 
in Figs. 3-11 and 3-12 can be computed numerically. The total gain, however, 
must include various losses in the feed and the reflecter. A gam breakdown 
is given in Table 3-4. It is notable that only a 0.42 dB loss is incurred due 
to the 8-beam scanning. Finally, Table 3-5 presents some characteristics of 
the main lobe of the focal beam which are of interest in the evaluation of the 
overall system's power requirements. 

The beam patterns developed in this section are next used in Section 3.5 to 
determine the bean isolation performance of the antenna. 
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(a) Pattern of One Square Patch 



(b) Pattern of Four Patches (One Feed Element) 



* 


(c) Pattern of a Cluster of Seven Elements (28 Patches) 

Figure 3-10. C ar-Field Patterns (in Offset Plane) of Circularly-Polarized Feed 
Elements. (Dashed Curves Represent Cross-Polarized Component) 
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Figure 



(a) ^ = 90 Degree Plane Cut 
(Dashed Curve Indicates the Cross-Polarized Component) 



iso. 

(b) Contour Plot 


3-12. Far-Field Patterns of a Beam, Scanned oy 8 Beamwidths in the 
Eastern Direction. A 7-Element Circularly-Polarized Cluster 
Feed is Used 
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Table 3-4. Gain Loss Breakdown for MSAT UHF Antenna 



Aperture Gain, UDA)2 

1 

1 54.014 dB 

1 


Aperture and Spillover Loss 

1 

! 3.22 dB (47. 6«) 

! 


Surface Tolerance Loss, for 
Surface Rour K ness 
(£/>-) < O.Cc 

! 

i < 0.3 
i 
1 
1 


Feed Insertion Loss 

i 

i < 0.2 dB 
1 

j 

Feed Conductor and 
dielectric Loss 

1 

I < G.10 dB 
1 
i 


Cross-Polarization Loss 

! 

! < 0.0? dB 

1 


Reflector Surface 
Reflectivity Loss 

! 

I < 0.1 dB 
I 
1 


Total Gain Loss for 
Focal Beam 

i - - 

I 4.01 dB (39. 72^) 

\ 

I 

i 


Focal Beam Gain 

1 

1 50 « 

! 


Gain Loss for an 8 8W Scan 
in Eastern Direction 

1 

i 0.42 dB 

1 
1 


8 BW Scaiin-'d Beam Gain 

! 

I 49.58 dB 

I 

i 

1 
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Table 3-5. Sows Characteristics of the Main Lobe of the UHF 
Center Bean. 

(See Fiq. 3-3 Definition of the Acronyns.) 



r 

i 

Crossover Beanwidth (COPW) 1 

0.45° 

i 

! 

1 


(Footprint Size) 1 

1 


1 

! 

1 

C-ossover Level, COL i 

1 

f 

-2.8 dB 

1 

1 

1 

1 


r 

Half-Fower Beanwidth (HPBW) i 

1 

l 

0.476° 

1 

1 

1 

i 

t 


! 

Triple Crossover (TC01 Angle i 

1 

1 

0.26° 

1 

1 

• 

1 

1 


\ 

Triple Crossover Level, TCOL 1 

! 

1 

-3.76 dB 

1 

1 

I 

1 


r 

Pattern Slooe at CO Point 1 

i 

1 

Q.G4 c /dB 

1 

1 

1 

1 


1 

Pattern Slope at TCO Point 1 

1 

1 

C.0336°/dB 

1 

i 

t 

! 

1 
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3.5 BEAM ISOLATION 


The successful design of any multiple beam antenna is predicated upon pro- 
viding adequate isolation between the various beams, and the complexity of the 
design is directly proportional to the level of the required isolation. Iij 
the following section, the LMSS beam isolation requirement is analyzed. 

3.5.1 Beam Isolation Requirement 

A major objective in the design of the MSAT multiple beam antenna subsystem is 
to provide sufficient interbeam isolation. Th*» isolation should be such that 
the effect of the cochannel interference on the subjective quality of repro- 
duced voice in the telephone channel be acceptable. It is often desirable to 
relate this acceptable subjective quality to a more tangible and more easily 
measurable parameter in the system. One such index is the C/I which is the 
ratio of the carrier power, i.e., the desired signal, to the aggregate power 
of the interfering signals from cochannei beams at the input of the receiver. 

An acceptable C/I is one which satisfies the regulatory (for example CCIR) 
criteria of performance and, more importantly, provides a satisfactory signal 
quality at the output of the receiver. In general, the C/I requirement is 
heavily dependent on the character sties of the system under consideration and 
the type of service that it must provide. Since there has been no precedent 
for a satellite service such as the LMSS, no prior operational data exists. 
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Therefore the LMSS bean Isolation requirement should ultimately be determined 
based on a carefully controlled laboratory subjective experiment. Indeed 
this is what JPL is planning to accomplish in 1982.* 

However, for the purposes of this report, we have considered other systems 
which have some similarities with the LMSS. Of the many subjective tests one 
which is the most relevant to the LMSS is the test conducted by Bell Labora- 
tories, for the Advanced Mobi'e Phone Service (AMPS) system operating in the 
806-890 MHz. Subjects of the test rated the quality of simulated and actual 
mobile- telephone channels with the carrier- to- thermal noise ratio (C/N) fixed 
at 18 d8. 

The results indicated that most of the subjects considered the transmission 
quality of a channel to be good or excellent at a C/I of 17 dB. To satisfy the 
AMPS quality objective, it was decided that the AMPS system must provide a C/I 
of 17 <fi or greater ever 90 percent of its coverage area. 

To further illustrate that the C/I requirement is strongly dependent on the 
type of system used and the types of services provided, consider INTELSAT IV -A. 
It orovides a 27-dB interbeam isolation between its spatially isolated "east" 
and "west" beams to permit reuse of the 6 and 4 GHz bands. The major reason 
for the 27 dB figure is that the INTELSAT IV-A provides both video and audio 


A communication link channel simulator is currently under development at 
JPL. Once completed, the simulator will provide the facility for subjective 
audio evaluation of the effects of various link design parameters and con- 
straints under simulated LMSS operating conditions. In order to simulate the 
LMSS communication environment, the simulator will have the capability to: 
add Gaussian noise or interfering signals, randomly fade the transmitted 
signal, independently fade interfering signals, emulate nonlinearities of 
satellite power amplifiers, and accept various audio modulation schemes such 
as FM, SSB, or digital. 
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signals. The beam isolation requirement in this case has been based on the 
requirement of the video link which is more stringent than that which is 
required for audio. 

Since there has been no precedent for a multiple beam land mobile satellite 
system, the C/I requirement for such a system is as yet unestablished. How- 
ever, since the LMSS design calls for compatibility with the AMPS system, it 
is recommended that the same 17 dB C/I criteria be used in the LMSS system 
design. This requirement can be f urther refined on the basis of the planned 
subjective laboratory testing. 

Cnee the beam isolation requirement has been established, a designer must test 
the performance cf his antenna through software simulation in order to insure 
compliance with the specification. Most software algorithms presently used for 
predicting beam isolation performance of multiple beam antennas, calculate C/I 
contours assuming perfect parabolic reflectors and idealized operating con- 
ditions. Furthermore, C/r is normally calculated for the downlink (i.e., 
sate! 1 ite-to-Earth segment) only. Thus, it is important that one exercises care 
in interpreting the output of these software algorithms. There are a number of 
unavoidable factors which in real life tend to degrade the actual performance of 
the antenna relative to its idealized predicted performance. The design must 
therefore contain sufficient margin to compensate for these degradation factors. 
Some of thv? more important factors are listed below. 

Uplink Interference - In a satellite system such as LMSS, cochannel 

interference exists on the uplink at the satellite receivers as well as 
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the downlink. In general, if the uplink and downlink carrier- to- interference 
ratios are denoted by ( C/I ) y and (C/I)q respectively, then in a linear 
system the total C/I denoted by (C/I ) y is given by 
-1 -1 -1 

(C/I ) T * (C/I >y + (C/I ) 0 , (3-8) 

where all ratios are power ratios and not in decibels. In meeting a beam 
isolation requirement, it is the (C/I ) y which must exceed the specified 
value. In Eq. (3-8), assuming (C/I)y = (C/I)p, the achievable (C/I)y is 
about 3 dB less than (C/Dp. Thus, if a net C/I of 17 dB is required (i.e., 

( C/I )y = 17 <fi), then the antenna should be designed to achieve a 20-cB beam 
isolation on both the downlink and the uplink. 

Implementation Factors - In the actual operating condition, there are a 
number of factors that degrade the isolation performance of the antenna. 
Notable sources of degradation are: 

a) Reflector Surface - The reflector surface will deviate from a perfect 
parabolic shape due to manufacturing tolerances, thermal distortion, 
and distortion due to control dynamics all contributing to the 
distortion of individual beam patterns. 

b) Dynamic Movement - Relative motion between the feed array and the 
reflector will cause degradation of the RF beam pattern. 

c) Feed Design - Realizable feeds have patterns that are not as well 
behaved as the theoretically predicted patterns. 

Multipath - Multipath fading is normally a function of the local terrain 
at the receiving antenna site. Thus, in the downlink, where the desired 
signal and the interfering signals are all subject to the same local 
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terrain, the effect of multipath on the C/I is negligible. However, 
this is not the case in the uplink where the desired signal and the 
interfering signals all originate from different locations and thus are 
subject to different levels of multipath fading. In general, it is 
possible for the desired signal to experience a more severe fade than its 
cochannel interferers, thereby adversely affecting the uplink C/I. 

Pointing - The deviation of satellite antenna pointing from its nominal 
boresight has a two-fold effect: a) it affects the power budget due to the 
loss of EIRP, and b) it degrades carrier- to- interference ratio at certain 
locations in the coverage area depending on the direction of the beam 
shift caused by the pointinq error. For the i_MSS baseline design with 
pointing tolerance in the order of 0.04 degrees, a 1 dB or more degradation 
of C/I due to pointing error may be experienced. 

On the more positive side, employing Voice Operated Switching (VOX) i.nproves 
the achievable C/I due to the fact that the interfering cochannel signals will 
not be turned on at all times. 

In conclusion, it is recommended that a 17 dB C/I requirement similar to 
that adopted by the terrestrial cellular mobile system be employed. Use of 
this figure is not without merit since there is a f air amount of commonality 
between the two systems. Furthermore, it is recommended that the LMSS 
multiple beam antenna be designed for a figure higher than the 17 dB C/I, 
with the added margin to compensate for the degradation factors which have 
been discussed. For this reason, a provisional value of 27 dB C/I in both 
the downlink and the uplink is recommended pending further analysis. 
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3.5.2 Interbeam Isolation Performance 


It is well known that the frequency band allocated to a satellite communi- 
cation system can be best utilized by the use of spatial diversity. Spatial 
diversity means the use of the same frequency band over disparate geographical 
areas. This is accomplished by using a multiple beam system i n which several 
different beams employ the same frequency band. Let us define the following 
parameters: 

N = Total number of beams 
By = Total allocated bandwidth 
R = Number of reusable frequency sub-bands 
N r = Frequency reuse factor 

87 can be split into R sub-bands, each of which is allocated to a particular 
beam, whereby R beams of different frequencies are created. This assignment 
procedure is then repeated for the rest of the beams. In this way there will 
be an average of N r = N/R beams of the same frequency. In other words, each 
frequency sub-band is, on the average, repeated N r times or equivalently, 
the total frequency band is reused N r times. 

Now, in a system with a given number of beams, in order to increase the reuse 
factor, N r , the number of reusable frequency sub-bands R must be reduced. 

In an ideal case, with R = 1, the reuse factor is at the maximum value of 
N r - N. This means Lhat the same frequency band is repeated for all the beams. 
This, of course, requires ideal beams with absolutely no si delobes, such that 
there will be no interference from adjacent beams into a given beam. As R is 
increased, the number of cochannel beams (beams with the same frequency 
allocation) is reduced which implies that cochannel beams move farther apart. 
This then reduces the interbeam interference to an acceptable level. 
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Commonly, the beam interference, or conversely, the beam isolation is measured 
in terms of the ratio (in dB) of the power in the desired or reference beam to 
the sum of power of interfering beams incoherently added, at any given point. 
Sometimes this ratio is called C/I (carrier- to- interference ratio). 

Actual interference levels depend on 1) the number of cochannel beams, N r , 2) 
the exact location of these interfering beams (frequency reuse layout), and 
most importantly, 3) the actual beam patterns, especially their sidelobe 
characteristics. 

Extensive work has been done at JPL on frequency reuse plans, and analysis and 
calculation of C/I (see Refs. [6], [7]). Extensive work also has been done 
for determining the frequency reuse and beam isolation of the LMSS for various 
beam patterns and sidelobe levels. Here we simply present the results for the 
baseline antenna design. Only the downlink interference is computed. Uplink 
interference may be considered to have an approximately equivalent value. 

Figure 3-13 shows CONUS covered with 87 beams. The numbers inside the paren- 
theses indicate the frequency sub-bands. In the frequency reuse scheme 
employed, R = 7, and the average frequency reuse factor is N r = 87/7*12.4. 

The method used for the computation of the isolation employs the exact far- 
field patterns of the desired and the interfering beams (as opposed to, e.g., 
an approximate envelope of the far-field) at many points within the footprint 
of the desired beam, in order to produce a contour plot of the isolation levels. 
This process is quite costly and time-consuming. Therefore, it will be done 
for one or two beams where most interference is suspected. Here beam 71 is 
chosen as the reference beam (see Fig. 3-13). Interference to this beam comes 
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Figure 3-13. Layout of 87 Beams Covering CONUS With 7-Frequency Reuse 
Arrangement. Numbers in Parentheses Designate Frequency 
Assignments 


CF POOR QUALITY 


from some of the beams with the highest sidelobe levels (due to their rela- 
tively large scan angles). Beam 71 is definitely among the worst affected by 
interference, if not the worst, and therefore the isolation contour at this 
beam will be a good indication of the performance of the system. In Fig. 3-13, 
beam 71 is dot-shaded while its cochannel beans are hatched. Although, 
theoretically, all the cochannel beams introduce some interference, it has 
been shown through many computations, that only the first ring of these beams, 
which are a distance of /if = y/T beamwidths away from the reference beam, are 
the main contributors. Figure 3-14 shows the gain contour plot for one of these 
principal interfering beams, i.e., beam 87. The dashed circle depicts the beam 
footprint of the reference beam 71 in its proper location relative to beam 87. 
From this figure, it is possible to see the approximate levels of interference 
from one single interfering beam into the footprint of the reference beam. 
Obtaining accurate isolation levels, however, requires the evaluation of the 
sum total of the interfering sideiobes of all the major interfering beams 
within the reference beam footpri it. Figure 3-15 shows the result of such a 
calculation as contour lines of isolation levels. It can be observed that 
everywhere within the hexagonal area which has to be covered hy the reference 
beam, i solution is greater than 27.5 dB. 

It is possible to increase tne frequency reuse by employing polarization 
diversity. This means that half of the cochannel beams can have an electro- 
magnetic field polarization orthogonal to the other half (e.g., right- 
circularly polarized versus left-circulariy polarized). T hus, it would be 
possible, for a given frequency reuse, to reduce the nunber of interfering 
beams by half, and to obtain better isolation levels. Conversely, 
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Figure 3-14. Contour Plot, of Seam 87 Interfering With Beam 71 
Footprint of Beam 71 is Shown as Dashed Circle 






polarization diversity can be used to increase the total channels in the system 
by a factor of 7/4. However, all this is possible only if the orthogonally 
polarized beams have fairly pure polarization (i.e., very low levels of cross- 
polarization). This sets stringent requirements on the polarization properties 
of the feed elements, which may be beyond what can be accompli shea with micro- 
strip patch elements of the type proposed for the MSAT feed design. However, 
an alternative system based on employing polarization diversity is presented 
’n Appendix C. 
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3.6 S-BAND ANTENNA DESIGN 


The S-band antenna operates in the frequency range of 2655 to 2690 MHz uplink 
and 2550 to 2585 MHz downlink for satellite-ground station communication. 

Figure 2-7 shows the beam layout on the CONUS contour. The total number uf 
beams is 25 and each beam will serve approximately a 4-UHF beam coverage area. 
Since the beam interference requirement is more or less the same as for the UHF 
antenna, the same design procedure is followed. Cad: beam is assumed to be 
produced by a 7-element cluster. This means that the total number of feed 
elements are 50. The geometric characteristics ov the S-band antenna is given 
in Table 3-6. Ar, overall gain of G = 44.5 dB is expected. 


Table 3-6. S-Band Direct-Fed Offset Reflector Antenna Parameters 


Parameter 

Value 

N, Number of Beams Covering CONUS 

25 

Cross-Over Beamwidth 

0.9° 

D, Offset Reflector Diameter 

10 m 

Dp, Parent Paraboloid Diameter 

22 n 

F, Focal Length 

10 m 

h e , Reflector Edge Offset Height 

1 m 

h c , Reflector Center Offset Height 

6 m 

F/D 

i 

F/P 
' /L P 

0.45 

Maximum Scanning in East-West Direction 

4 BW 

Maximum Scanning in North-South Direction 

2 BW 

Number of Feed Elements 

50 

Approximate Feed Array Dimensions 

- - ----- 

1.04 x 1.67 m 
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3.7 BEAM FORMING NETWORK 


As was pointed out In Section 3.4, with the overlapping cluster feed concept, 
134 feed elements are required to fora the 87 UHF beams which cover CONUS. 

Each of the 87 beams Is formed from a cluster of seven feed elements where 
some of these elements are also shared with the adjacent beams. Figure 3-16 
shows a segment of the feed array which produces the beams for the western 
half of the United States. The small circles denote the aperture of each feed 
element. The boundary of the western half of the United States is also super- 
imposed on the same figure in order to show the correspondence between the 
feed e 1 aments and the area for which they provide coverage. 

In the •lomenclature of Fig. 3-16, any feed element j serves as the center 
element for a 7 -element cluster which forms the beam j. In forming beam 17 
for example, in addition to feed element 17, elements 11, 12, 16, 18, 21, and 
22 are also needed to form a 7-element cluster (see Fig. 3-16). This 7-element 
cluster is then excited to form beam 17 in Fiq. 3-2. 

On the other hand, element 11, for example, is not only part of a cluster that 
forms beam 17, but in addition, is part of six other 7-element clusters which 
form beams 6, 10, 16, 12, 7, and 11. Thus, feed element 11 contributes to the 
formation of seven beams. 

In General, in the 7-element overlapping cluster feed concept which is 
presented in Section 3.4, every element serves as a center element for one 
cluster and in addition serves as an auxiliary element in up to six other- 
clusters. The only exceptions are the peripheral feed elements 88 through 
134 which form a ring at the outer edges of the feed array, as shown in 
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Figure 3-76. Feed Element Layout for western United States. 

(The Circle Shows the Cluster for Beam 17) 
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Fig. 3-9. These elements which are introduced to complete 7-element clusters 
for the beams serving the geographical boundary of CONUS are not center 
elements for any cluster and only act as auxiliary elements. 

From the above description, it is clear that proper excitation of the 134 feed 
elements requires an intricate network. The role of such a network, which 
shall be referred to as the Beam Forming Network (BFN), is two- fold: 

a) The signals intended for a given beam must be divided seven ways, not 
necessarily all equal, and each portion is to be routed to one of the 
seven elements in the cluster which proouces that bean. 

b) Since most of the feed elements contribute to the formation of more 
than one beam, the signals from each of the beams associated with a 
given element must be combined before being routed to that element. 

The problem, then, is how to connect a beam port of the BFN to the 7-element 
cluster associated with that beam and conversely how to connect each feed 
element to the seven different beam ports with which that element is associated. 
It is the purpose of the BFN to fulfill this requirement. Figure 3-17 schemat- 
ically illustrates the interconnections for a portion of the BFN required to 
implement the layout shown in Fig. 3-16. On the left hand side are the beam 
ports numbered i through 87. Each beam port is connected to a 7-way power 
splitter so that a connection can be made to the seven elements associated with 
that beam. The number of the associated element is shown to the right of the 
power dividers. On the right side of the figure are the numbers of the feed 
elements which range from 1 to 134. Each element is connected to a 7-way 
power combiner so that the element can be connected to the seven beams it 
supports. To the left of the combiners are the numbers of some of the beam ports 
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Figure 3-17. Beam Forming Network (BFN) Schematic for 
Overlapping 7-Element Cluster Feeds 


3-60 














to which the feed element is connected (corresponding to the diagram of 
Fig. 3-16). The physical implementation of the BFN will be discussed in 
Section .\13.2. 
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3.8 9f SUBSYSTEM DESIGN 


The communication between mobile users and the spacecraft is over two 10 MHz 
UHF bands, i.e., 821-831 MHz and 866-876 MHz. The lower band is used in the 
mobile-to-satell ite link and the upper band in the satel 1 ite-to-mobile link. 

The communication between the satellite and the base stations is conducted 
over two 35 MHz S-bands. The base station- to-satell ite uses the 2655-2690 MHz 
band and the satel I’te-to-base station link is in the 2550-2585 MHz band. 

Simply stated, the role of the RF subsystem is to receive signals from the base 
stations in the S-band, to translate it to the appropriate band in UHF, and to 
transmit it to the mobile user. This completes the routing from the base 
station- to-satelli te-to-mobile in the forward channel. In the reverse 
direction, the RF subsystem is to receive signals over the UHF band from the 
mobile users, to translate these signals to the S-band and to retransmit them 
to the base stations. There are several key decisions which affect the design 
of the RF subsystem. These considerations are discussed below. 

3.8.1 Location of the Beam Forming Network 

The concept and the need for the BFN was introduced in the previous section. 

The location of the BFN within the RF subsystem requires a tradeoff. Two 
candidate locations are shown in Fig. 3-18 which depict the UHF transmit 
portion of the RF subsystem. In either location, the BFN is a network with 87 
input ports and 134 output ports which interconnects the signals intended for 
the 87 beams to the 134 feed elements which form these beams. 

As discussed in Section 3.7, the BFN requires 7-way combiners prior to each 
element port and thus is very lossy. Losses up to 10 dB may be expected. 
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For this reason, configuration of Fig. 3-18 (a ) , where the BFN is placed at the 
high-power side of the High Power Amplfiers (HPA), is not practical due to the 
enormous loss. MSAT requires approximately a total of 2 kW of the RF power 
out of its UHF trarsmitters (see Section 3.10). With the 10 dB loss associated 
with Fig. 3-18 ( a ) , this requirement will have to increase to 20 kW.* 

A second choice for the location of the BFN is at the low-power level of the 
HPA as shown in Fig. 3-18 (b). For this configuration, even though the BFN 
still loses approximately 10 dB, the loss occurs at a low-power level and will 
be only a few watts rather than several kilowatts as was the case in the 
previous configuration. However, as in all engineering problems, one pays a 
price for the advantages gained. In this new configuration, the entire system 
becomes much more sensitive to the phase errors introduced by the power 
amplifiers as discussed below. 

Power amplifiers normally introduce phase errors in the sense that the output 
signal phase differs from that of the input. In addition, the amount of this 
phase error is dependent on the amplitude of the input signal, thus giving rise 
to the terminology "amplitude-to-phase modulation conversion" or ( AM/PM) . 
Furthermore, the AM/PM character!' Stic of power amplifiers differs from one 
unit to the next and is temperature and age dependent. 


* The foregoing discussion does not apply to the S-band beam forming network. 
Since the power requirement for an S-band channel is minimal (MSAT needs a 
total of 1.6 W in the S-band for all of the 8,265 channels), the S-band beam 
forming network can be placed at the h’gh-pcwer level of the S-band trans- 
mitter with minimal power loss. 
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(a) BFN at the High-Power Side of the HPAs; 
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(b) BFN at the Low-Power Side of the HPAs 


Figure 3-18. Block Diagram of the Satellite UHF Transmitter and Feeds 
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To illustrate the sensitivity of the configuration in Fig. 3-18 (b) to relative 
phase errors, consider beam 17 which is formed from feed elements 11, 12, 16, 
17, 18, 21, and 22, (see Fig. 3-16). A signal intended for beam 17 is divided 
into seven parts by the BFN and then each part is routed through a different 
power amplifier, seven in all, before reaching the aforementioned seven feed 
elements. Since after the 7-way division, different portions of the same 
signal are routed via different paths and thus are exposed to different phase 
errors, integrity of the far-field RF pattern for beam 17 will be compromised. 
To prevent this, steps must be taken to insure that either the HPAs' relative 
phase errors remain within an acceptable tolerance level, or a phase tracking 
network must be included in the RF subsystem in order to compensate for 
relative phase errors. The results of a cursory study on the acceptable level 
of phase error in the RF subsystem are presented below. 

3.8.2 Cluster Feed Element Excitation Tolerances 

In order to maintain the required isolation between the various beams at or 
better than some specified value, the beam's sidelobes must be kept lower than 
a given level. However, errors in the excitations of each element of a beam's 
7-element cluster can cause the beam RF pattern and sidelobe structure to 
degrade and in turn cause a reduction in beam isolation. Contributors to 
excitation errors include such things as amplifier amplitude and phase varia- 
tions, temperature induced phase errors, manufacturing tolerances, and mismatch 
errors. 

A study was performed to determine the level of errors in the excitations that 
could be tolerated and still provide low sidelobe levels. To simulate excita- 
tion errors, a series of normally distributed random numbers were computed with 
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standard deviations equal to various amplitude and phase errors. Appropriate 
amplitude and phase random samples were used to adjust the amplitude excita- 
tions and the phase excitations and thus simulate the errors. The degraded 
beam patterns were then computed. Subsequently, a worst-case envelope was 
constructed for all the patterns computed.* 

Figure 3-19 shows envelope patterns computed in this manner for the plane of 
the antenna offset as well as orthogonal to that direction. For each plane, 
two patterns are shown, one for unperturbed excitations (no errors) and a 
second with excitation errors of 1/2 dB standard deviation fo*” amplitude and 
i0 degrees standard deviation for phase. For an azimuth angle of 0 degrees, 
the no error case had about 36 dB si delobes which degraded to 30 dB for the 
perturbed case. For an azimuth angle of 90 degrees, the sidelobes went from 
30 to 29 dB. Several observations can be made. One, the errors of the 
magnitudes considered affected primarily the pattern with the best sidelobes, 
and had little effect on the pattern with the poorer sidelobes. Thus, the 
poorer the sidelobes, the larger the errors must be to have an appreciable 
affect on the patterns. Second, as might be expected, the errors caused the 
sidelobes to become larger, the nulls to fill in, and the main beams to become 
broader. Lastly, since in the design of the UHF antenna, patterns with side- 
lobes of roughly 35 dB are assumed, it is felt that in the excitation of the 
feed elements, a 10-degree phase error and a 1/2 dB amplitude error must not 
be exceeded. However, further study is necessary to refine these numbers. 


* For each standard deviation, a sequence of seven samples from a random number 
generator was selected to simulate the error in excitation of each element 
within d ?-element cluster. The resulting degraded pattern was significantly 
different deoending on the particular 7-sample sequence used in a stream of 
random samples generated corresponding to a given standard deviation. For 
this purpose, a worst-case envelope was used. 
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Figure 3-1°. MSAT Antenna Patterns Showing Effects of Cluster Excitation 
Errors (0.5 uB Amplitude, 10 Degree Phase) 
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Based on overall amplitude and phase tolerances of 1/2 dB and 10 degrees and 
assuming that the contributing errors are uncorrelated, the overall system 
error can be divided into four sources of errors of 1/4 dB amplitude and 5 
degrees phase each. The error sources include those devices that are located 
after the point where the beam signal is split into seven separate paths and 
include, 1) the beam forming network, 2) the amplifiers, 3) the diplexer, and 
4) the feed aperture distortions. 

3.8.3 RF Subsystem Block Design 

A block diagram of the RF sub-ystem is shown in Fig. 3-20, consisting of the 
following UHF and S-band elements: cluster feed antenna radiators (134 and 

50 respectively), diplexers, low-noise amplifiers, beam forming networks, and 
translator transponders. A simplified fun ional block diagram for a typical 
UHF/S-band translator transponder is shown in Fig. 3-21. S-band beam number 
13 and its four associated UHF beams 33, 38, 37. and 44 are used as an 
example. (Also see Figs. 2-5, 2-7 and 2-8.) 

The UHF/S-band trans^tor transponders must perform the following functions: 

1) Translate the signal <■ from up to four UHF uplink beams to one 
S-band beam for retransmission to the local base station. 

2) Separate and translate the signals on the S-band uplink beam into 
the appropriate UHF downlink beams (1-4 beams per S-band uplink 
beam) , 

3) Provide appropriate up and down conversions, signal amplification 
and filtering to implement the required frequency translations. 

4) Generate the appropriate up and down conversion local oscillator 
signals from an integral frequency synthesizer. Local oscillator 
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frequency stability will be provided by phase locking the frequency 
synthesizer to a pilot tone provided by the base station. 

5) Provide the appropriate input drive levels to the UHF and S-band 
downlink power amplifiers. 

It Is anticipated that the system will utilize a translator transponder per 
S-band beam. Assuming each translator transponder weighs approximately 9.1 kg 
(20 lb), then the total weight for 25 UHF/S-band translator transponders will 
be 227.5 kg (500 lb). 

The block diagram in Fig. 3-20 is divided into three segments to indicate the 
physical location of each segment. For both the S-band and the UHF, br'N, KPAs, 
LNAs, and diplexers are colocated with the feed elements and are housed in the 
respective S-band arid UHF feed array assemblies as discussed in Section 3.12. 
The remaining electronics, i.e., the translator/transponder, are located in 
the bus. Table 3-7 gives a weight summary for the electronics housed in each 
section. 


Table 3-7. RF Electronic Weight Summary 


Location 

1 

1 

Weight kg (lb) 

UHF Feed RF Electronics 

! 

i 

i 

i 

304.5 (670) 

Bus Electronics 

i 

i 

i 

227.5 (500) 

S-band Feed Electronics 

1 

i 

i 

35.5 (78) 


« 

\ 
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3.9 TELECOMMUNICATION LINK BUDGETS 


The design of power, thermal, and RF subsystems for MSAT is implicitly 
dependent on the power-per-channel requirement at the satellite transmitter. 
The purpose of this section is to establish the required power-per-channel not 
only for the satellite transmitter but for the mobiles and the base stations 
as well. Various link parameters are identified and their effect on per 
channel power is shown through the use of link budget tables. Further study 
is required to convert these tables to standard Design Control Tables (DCT) in 
order to evaluate the telecommunication performance. 

MSAT provides direct-to-the-user service and as such must communicate with 
small mobile antennas and fairly simple transceivers. This then establisnes 
the first constraint in designing the telecommunication links for MSAT. The 
mobile antenna is small and because the vehicle constantly moves about, the 
antenna must be omnidirectional in azimuth and may have only a marginal 
gain in the elevation. 

The above characteristics of the mobile antenna give rise to another problem, 
namely fading. Typically, a mobile receiver encounters two types of propaga- 
tion anomalies: (1) direct path wave attenuation due to obstructions such as 
structures, hills, etc., which is known by the term "shadowing," and (2) 
reflected and delayed waves simultaneously arriving at the receiver from 
different directions, known as "multipath fading," because the multiplicity of 
waves tend to add or subtract in a time-varying fashion. Fading is of course 
very much a function of the local terrain and immediate environment. A mobile 
roaming in an urban area may experience a severe fade, whereas a suburban or 
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rural roamer, due to the relatively open spaces, may be subjected to less 
multipath and thus less fading. It is expected that in the rural areas the 
ground reflection would be the major source of multipath for the northern 
parts of CONUS where the elevation angle to the satellite is low. 

To maintain acceptable performance, the satellite/mobile link must have 
sufficient margin to allow for fading. This margin would be substantially 
higher if in addition to fading, shadowing is also to be considered. However, 
due to the severe penalty that such a margin would impose on the MSAT power 
requirement, and since MSAT's primary service area is in the rural area which 
presumably is void of too many man-made structures, shadowing margin has not 
been included in the MSAT link design tables. 

Tables 3-8 and 3-9 present the telecommunication link budgets for the two 
segments of the forward link (base station-to-satellite-to-mobile) . Tables 
3-10 and 3-11 give the budgets for the return link (mobile-to- satellite- to- 
base station). In all cases a budget begins with the carrier-to-noise require- 
ment at the stated terminal and progresses backward in a logical manner through 
the various link parameters to arrive at the end requirement, namely the per 
channel transmitter power for the signal source. The tables are structured to 
show the key parameter, i.e., the per channel power, as the bottom line. 

Figure 3-22 pictorially summarizes the salient pat ameters for both the forward 
and the return links. The value of many parameters shown in these tables 
varies as a function of the location of the mobile receiver within the coverage 
area. Further study is needed to develop models which provide statistical 
distribution for each parameter over the coverage area. Only then can one 
analyze the telecommunication performance of the LMSS as a function of the 
percentage of location and percentage of time for which a given performance 
is achieved. 
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As is seen, each budget has comments which help explain why a particular 
parameter has been given its stated value. In some cases, however, further 
explanation is warranted. The satellite-to-mobile link as suwwized in 
Table 3-9 is the most critical of the four links because it establishes the 
power requirement of MSAT. Accordingly, this link is discussed in some 
detail below. 

Line I tem 1 : The required carrier-to-thermal noise ratio at the mobile 

receiver is established by assuming a required carrier-to-overall noise ratio 
of 10 dB. Other sources of noise are taken to be the uplink thermal noise, 
the intermodulation noise, and the cochannel interference noise. If, for 
simplicity, it is assumed that all the noises are additive and independent, 
then one can write 


1 

N 0R 


-i c - 1 c - 1 

■ <r-> * ir-' 

"td tu 


t r ' 

b — ; 

"w 


-1 


-1 


V N ' 
Cl 


(3-5} 


where Nqr, Njq, Njy, Njm, and denote the overall noise, the downlink 

thermal noise, the uplink thermal noise, the intermodulation noise and the net 
cochannel interference noise, respectively. In this equation, the ratios are 
numerical ratios and not decibels. Assuming a 20 JB carrier- to-upl ink thermal 
noise ratio, a 25 dB carrier-to-interraodulation noise ratio and a 17 dB net 
carrier-to-cochannel interference noise ratio, Eq. (3-9) indicates that the 
downlink carrier-to-thermal noise ratio must be limited to 11.8 dB in order 
to achieve a carrier- tc-overal 1 noise ratio of 10 dB. 
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Line Item 2 : The LMSS design presented in this docunert uses 15 KHz channel 

spacing. One way to achieve this is to use Envelope Normalized (EN) com- 
panding for the voice links (see Chapter 4 for definition and discussion). As 
a result, the squired FM transmitter peak deviation is much less than that 
normally associated with voice FM links, and the iF bandwidth proceeding the 
FM receiver's discriminator need only be 10.2 KHz. 

Line Item 4 : It is well known that within metropolitan areas a certain 

amount of man-made radio noise (due to such sources as automotive vehicles, 
power transport facilities, industrial equipment, etc.) will be manifest at 
the mobile receiver. Although the LMSS is not designed to serve the greater 
metropolitan areas, it will be required to provide satisfactory performance in 
suburban (fringe) environments. As a result, based upon data taken from the 
ITT Handbook, a man-made noise allowance of T s = 1.6 T 0 (or T 0 +2 dB), with 
T 0 equal to 290 K, has been made. Additionally, 2.5 dB of loss has been 
allocated to allow for cable loss, diplexer loss, and generally all other 
losses between the mobile vehicle antenna and the receivers front end. 

Line Item 6 : In implementing an FM receiver, small losses are incurred due 

to the physical (rather than theoretical) behavior of the various components. 
The cumulative losses for the mobile FM receiver are expected to be typically 
2 dB. 


Lin. Item 11 : MSAT uses the same UHF antenna for both transmitting and 

receiving. The diplexers are used to isolate the receiver and the trans- 
mitter from one another. The diplexers insertion loss as well as cable loss 
is expected to oe 1 dB. 
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Line Item 12 : Utilization of EN FM requires transmission of the envelope 

of the voice signal in addition to the modulated voice signal. This in- 
formation is necessary by the receiver to perform expending (see Chapter 4, 
Section 4.2.2). It is expected that 1 dB of power will be necessary to trans- 
mit this additional information which will be modulated on a subcarrier. 

Line Item 13-17 : The value of these parameters changes as a function of 

the location of the mobile receiver in the coverage area. Each parameter is 
discussed below. 

a) Multipath Fading. By definition, LMSS mobiles are not designed to 
operate under shadowed conditions, meaning that if shadowing occurs, 
it is the mobile's responsibility tc move to an area where shadowing 
does not exist. On the other hand, it is impossible to eliminate 
multipath reception, even if the vehicle is at a standstill. Based 
upon the results of propagation tests between mobiles and ATS-6, a 
multipath fading allowance of 5 db has been assigned. Further study 
is warranted to validate this allowance. 

b) Edge of Coverage. It was mentioned in Section 3.4 that the crossover 
level (COL) between two adjacent beams is at 2.8 dB. Furthermore, the 
triple crossover level TCOL, is 3.76 dB down from the boresight of the 
adjacent three beams (see Fig. 3-3 and Table 3-5). Allowing slightly 
more gain loss for some locations at the CONUS' boundary, it can 
generally be said that the satellite antenna gain in any direction in 
the coverage area is no more than 4 dB down from the closest beam bore- 
sight. Stated another way, a 4 dB margin must be added to account for 
loss of transmitting antenna gain at the edge of the coverage area. 
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c) Mobile Antenna Pointing. The mobile antenna is expected to be omni- 
directional in the azimuth and have a maximum gain of 5 dB at some 
elevation angle. As the mobile moves about the coverage area, 
possibly moving on the uphill or downhill roads, the direction of the 
maximum antenna gain will not always be pointed toward the satellite. 
Typically, a 2 dB pointing loss may be associated with the mobile 
antenna depending on its location within CONUS. (For more information 
on the mobile antenna see Chapter 4.) 

d) Satellite Antenna Pointing. As discussed in Section 3.2, MSAT’s UHF 
antenna is to provide a pointing stability of 0.04 degrees. This means 
that a point at the edge of the coverage area of a beam may lose an 
additional 1 dB if the beam is shifted by 0.04 degrees (see Table 3-5). 

e) Scanning Loss. The 87 UHF beam layout suggested for the LMSS results 
in approximately^ beamwidth scanned in the east-west direction. The 
gain for the most scanned beam deteriorates by approximately 0.5 dB 
relative to the or, -axis beam at the center of the coverage area. 

Adding the margin for all of the above five factors results in a cumulative 
margin of 12.7 dB. 

Line Item 19 : In a two-wa.y conversation each speaker on the average is 

expected to speak 50 percent of the time while listening the other 50 percent. 
Even during the 50 oercent of the talking period, the speaker is expected to 
pause between syllables and also between words and sentences. If all the 
pauses that are expected to last for more than approximately one second are 
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accounted for, there will be roughly a 60 percent silent period on any one-way 
channel. Alternatively, since the voice is present only 40 percent of the 
time. Voice Operated Switching (VOX) may be employed to turn the carrier on and 
off at the mobile and at the base station transmitters when the voice is not 
present. When a large number of channels a>-£ considered, utilization of VOX 
results in a 4 dB power saving on the spacecraft. Accordingly, the average 
transmitter power-per-channel (line 19) is 4 dB less than the required power- 
per-channel (line 18). 
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Table 3-8. Base Station-To-S^tellite Link Budget 


Line Item 

Parameter 

Value 

Comment 

1 

Required Currier-to-Thermal 
Noise Ratio (17H 0 ‘8) 

20 dB 

At tne input-tn-satel l i te 
S-band receiver 

2 

IF Bandwidth [B - 10.2 .Hz) 

«0.1 dBHz 

Assumirq Envelope Normalized 
EC FM. (Channel Spacing = 15 KHz) 

3 

Carrier-to-Noise Pensit u Ratio 

>'C,'V 

60.1 dBHz 

(1) a (2 ) 

1 

4 

Effective Receiver Temperature 
(5800 K) 

37.6 rfBK 

Includes: 290 K Earth s 
temperature, 2 dB receiver 
noise figure, 1 diplexer 

and cable losses and 10 dB 
beam forming network ’ oss ! 

5 

Boltzmann Constant 

228.6 dBW/Hz-K 

1 

6 

Miscellaneous Receiver Loss 

1 do 

l 

7 

Reauired Received Power 

->29.5 dBW 

(3) + (4) + (5) + (6) 

8 

Receiving Antenna Gain 

44.7 dBi 

Corresponds to a IG-m dish 
at frequency 2,673 MHz 
(G/T - '7.1 dB) 

9 

Free Space Loss 

(F = 2,673, X - 11.2 :m) 

192.7 dB 

Varies from 192.3 dB for 
southern CONUS to 193 ;£ fer j 

northeastern CCNUS j 

10 

Transmitting Antenna Gain 

35.9 dBi 

3-m dis-i 

11 

Transmitting Circuit Losses 

i ff 


12 

Control signal Power Requirement 

1 -J6 


13 

Edge of Coverage Allowance 

3 dB 

The base station may be located 
at tne edge of the beam 

14 

Satellite Pointing Less 

0.5 dG 


15 

Scanning Loss 

0.5 dB 


16 

Required Transmitter Po«er- 

Fer-Channel 

-11.8 dB 
(66 mW) 

(7) - (;!* lu ) + (9 + 1 1 + 12+13 + 14 + 15) 
(SC PC EIRP =23.) dBW) 

17 

Ave-age Transmi tter Power- 
Per- Channel Using VOX 

-15.6 dew 
(2n mW) 

For 40 percent voice activity 
fac tor 
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Table 3-9. Satellite-To-Mobile Link Budget 


Line Item 

Parameter 

Value 

Comment 

1 

Downlink Carrier- to-Thermal 
Noise Ratio { C /N Q * B ) 

11.8 dB 

At the input- to-mobile 
receiver 

2 

IF Bandwidth (B = 10.2 KHz ) 

40.1 dBHz 

Assuming Envelope Normalized 
(EN) FM (Channel Spacing = 

15 KHz) 

3 

Carrier-to-Noise Density 
Ratio (C/N 0 ) 

51.9 dBHz 

(1) v (2) 

4 

Effective Receiver Temperature 
(991 k) 

30 d9K 

Includes: 464 K suburban 
noise, 2.5 dB input circuit 
loss and a receiver noise 
figure of 2 dB 

5 

Boltzmann Constant 

-228.6 dBW/Hz-K 


6 

Miscellaneous Receiver Loss 

2 dB 


1 

Required Received Power 

-144.7 dBW 

(3) + (4) + (5) + (6) 

8 

Maximum Mobile Antenna Gain 

5 dBi 

(G/l - -?5 dB) 

9 

Free Space Loss 

(F = 871 MHz , d = 34.44 cm) 

182.8 dB 

Free space loss varies from 
182.5 dB for southern 
CONUS to 183.2 dB for north- 
eastern CONUS 

10 

Transmitting Antenna Gain 

50 dBi 


11 

Transmitting Ciicuit Losses 

1 dB 


y? 

Control Signal Power Requirement 

1 dB 


13 

Multipath Fading 

5 dB 


14 

Edge of Coverage Allowance 

CD 


15 

Mobile Antenna Pointing Loss 

2 dB 


16 

Satellite Antenna Pointing Loss 

1 dR 


17 

Scanning Loss 

0.5 dB 


18 

Required Transmitter Power- 
Per-Channel 

-2.2 dBW 
(0.6 W) 

(7) - (3t10)*{9+1 1+12+13 
+ 14 + 15+16 + 17 ) 

( SCPC tIRP = 46.8 dBW) 

19 

Average Transmitter Power- 
Per-Channel Using VOX 

-6.2 dBW 
(0.24 W) 

For 40 percent voice 
activity factor 
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Table 3-10. Mobil e-To-Sa tel 1 ite Link Budget 


Line 

Item Parameter 

Value 

Comment 

1 

Required Carrier-to-Thermal 
Noise Ratio (C/N 0 'B) 

20 dB 

At the input- to- sa tell ite 
UHF receiver 

c 

IF Bandwidth (8 = 10.2 KHz) 

40.1 dBHz 


3 

Carrier-to-Noise Density 
Ratio (C/N 0 ) 

60.1 dBHz 

(1) ♦ (2) 

4 

Effective Receiver Temperature 
(580 K) 

27.7 dBK 

Includes: 290 K Earth's 
temperature, 1 dB 
cable and dipiexer loss, 
2 d8 receiver noise 
figure 

5 

Boltzmann Constant 

-228.6 dBW/Hz-K 


6 

Miscellaneous Receiver Loss 

1 dB 


7 

Required Received Power 

-139.8 ilBW 

(3) + (4) + (5) + (6) 

8 

Receiving Antenna Gain 

49.7 dBi 

G/T = 22 dB 

9 

Free Space Loss 

(F = 826 MHz. X - 36.32 cm) 

182.4 dB 

Varies from 182 dB for 
southern CONUS to 182.7 
for northeastern CONUS 

10 

Transmitting Antenna Gain 

5 dB 


n 

Transmitting Circuit Losses 

2.5 dB 


12 

Control Signal Power Requirement 

1 dB 


13 

Multiple Fading 

5 dB 


14 

Edge of Coverage Allwance 

4 dB 


15 

Mobile Antenna Point , mq Loss 

2 dP. 


16 

Satellite Antenna Pointing Loss 

1 dB 


17 

Scanning Loss 

0.5 dB 


18 

Required Transmitter Power- 
Per-Channel 

3.9 <BW 
2.45 W 

(7) - (8 + 10) ♦ (9 + 11 
+ 12 *13 * 14 * 15 + 16 ♦ 
(SCPC EIRP = 6.4 dBW ) 
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Table 3-11. Satel 1 ite-To-Base Station Link Budget 


L i ne I tem 

Parameter 

Value 

Comment 

1 

Downlink Carrier- to-Thermal 
Noise Ratio ( C/N Q • B ) 

11.8 dB 

At the input-to-the-base- 
station receiver 

2 

IF Bandwith (B = 10.2 aHz) 

40.1 dBHz 


3 

Carrier-to-Noise Density Ratio 

(C/N 0 ) 

51.9 dBHz 

(1) + (2) 

4 

Effective Receiver 
(290 K) 

24.6 dBK 

Includes: 2 dB receiver 
noise figure and 1 dB 
cable and dip’exer loss 

5 

Boltzmann Constant 

-228.6 dBW/Hz 

K 

6 

Miscellaneous Receiver Losses 

1 d8 


7 

Required Received Power 

-151.1 dBW 

(3) + (4) + (5) + (6) 

8 

Receiving Antenna Gain 

35.5 dB i 

3-n di sh 
(G/T = 10.9 dB. 

9 

Free Space Loss 

(F - 2568, A = 11.7 cm) 

192.3 dB 

Varies from 191.9 dB for 
southern CONUS to 192.6 dB 
for northeastern CONUS 

10 

Transmitting Antenna Gain 

44.5 d!' i 


1 1 

Tran sin i tting Circuit Loss 

1 dB 


12 

Control Signal Power Requirement 

1 dB 


13 

Edge of Coverage Allowance 

3 dB 


14 

Satellite Pointing Loss 

0.5 dB 


15 

Scanning Loss 

0.5 dB 


16 

Required Transmitter Power- 
Per-Channel 

-32.8 dB 
(0.5 riW) 

(7) - (8 + 10} + (9 + 10 
+ 11 + '2 + 13 + 14 + 15) 
(SCPC EIRP = 10.7 dPW) 

17 

Average Transmitter Power- 
Per-Channel Lsi ng VOX 

-36.8 dll a 
(U. 2 mW) 

40 percent voice 
activity factor 
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Figure 3-22. Summary of the TelecommuniC' . n Link Parameter: 




8.10 POWER SUBSYSTEM 


In this section, the requirements for the MSAT electrical subsystem are assessed. 
In the previous section, it was determined that the power- per-UHF channel require- 
ment of MSAT is a rather small 240 mW. However, since the system has 8,265 
total channels, the overall RF power requirement is a not so minimal 2 kk. The 
overwhelming portion of the 2 kW of RF power is radiated from the UHF power 
amplifiers. By contrast, each S-band channel needs less than i mW of power 
(see Table 3-11), with the total system requiring less than 2 W of kF power in 
the S-band. Assuming that UHF power amplifiers are 50 percent efficient, 4 k« 
of DC power is needed to operate these amplifiers. If it is assumed that an 
additional 1 kW is needed by all other subsystem electronics, as *ell as for 
battery charging, etc., a total cf 5 kW of DC power will be needed by all the 
spacecraft subsystems. 

Raw power from the solar panel is to be regulated to a nominal voltage 
(possibly 28 V +1 percent) prior to its distribution to the various sub- 
systems. The advantage of the regulated power bus is that it obviates the need 
for individual power conditioners at each electronic module and should provide 
a weight savings. (Note that the UHF feed array employs 134 UHF power 
amplifiers which will need individual power conditioners if the bus is not 
regulated.) Assuming the master regulator will have an 80 percent efficiency, 
the raw power out of the solar arrays must be 6.25 kW. 

Based on the above Jiscussiu:*. at the 10-year End-of-Life (EOL), the sc’ar 
arrays must produce approximately 6.25 kW of DC power. Allowing for 30 percent 
solar cell radiation degradation for a 10-year mission, and adjusting for the 
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seasonal north-south movement of the spacecraft (i.e., by dividing by cos 
23.5°) the total Beginning-of-Li fe ( BOL ) primary power requirement of MSAT is 
about 10 kW. The primary power on MSAT is derived from two articulated solar 
panels. These panels must provide sufficient power during the 24-hour orbit 
for a mission duration of 10 years. However, solar arrays do not provide power 
during passage through the shadow of the Earth. For a geostationary satellite, 
there is one eclipse each day, but only within the periods of approximately 27 
February to 12 April, and 1 September to 16 October. Near the center of these 
periods, the eclipse lasts about 70 minutes, centered about midnight at the 
satellite longitude; the duration is less towards the beginning and end cf the 
periods. In the case of longer eclipses, sjfficient warm-up time must be 
allowed after the end of the eclipse. In the past, about a half hour has been 
required. In addition to the Earth, the moon nay alsc cast a shadow on the 
spacecraft. However, the occurrence of moon occultat’on is more random and may 
occur up tc several times a year lasting for a period of up to an hour. If 
continuous service is xo be provided, then energy storage devices or alternate 
energy sources roust b^ considered. Batteries are the usual candidates for 
energy storage. In the remainder of this section, the characteri sties of the 
solar arrays and the batteries for MSA! are discussed. 

Solar Arrays 

Most presently, operational communication satellites use photovoltaic cells to 
generate electrical power. Arrays of silicon solar cells have served quite 
satisfactorily as the prime power source in satellites and are likely to be 
employed in this application for many years to come. The theoretical limit 
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on the efficiency of silicon solar cells (approximately 25 percent) is much 
higher than the efficiencies now being realized. Therefore, several efforts 
are underway to improve the efficiency of the silicon solar cell. 

Efforts to increase the power-per-unit weight of solar arrays are also taking 
place. Some of the lightest arrays flown to date have been the CTS and Hughes 
KRUSA arrays, both generating 1.5 kW at approximately 33 k'/kg and 47 W/kg 
respectively. Arrays for INTELSAT V-l are expected to be in the 50 to 60 W/kg 
range. 

Solar array performance levels can be improved by using thinner cells and 
lighter structures. Various studies predict that solar array power-to-mass 
performance should be somewhere within the 20 to 140 W/kg range. The required 
performance level is driven by the LEO to GEO transfer vehicle capability. 

The greater the transfer vehicle capability the lower the required array per- 
formance level. Even the 140 W/kg array level appears achievable with 
reductions in solar cell and structure masses. Additional development and 
testing will be required to demonstrate a 10-year life capability at this 
performance level. Whether an array of this performance level becomes avail- 
able in a production ready array depends largely upon the pressure applied oy 
the transfer vehicle’s constraint. Assuming an orderly growth in transfer 
vehicle capability, it appears that production arrays somewhere in the 50 to 
70 W/kg range are probable by the 1990 time frame. 

Solar arrays similar to Lockheed SEP arrays with a power-to-mass ratio of 60 
W/f . have been considered for MSAT. Therefore, for 10 kW B0L power, the solar 
array weight for MSAT is expected to be roughly 167 kg with each of two panels 
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having a weight of roughly 83.5 kg. Assuming these solar arrays have a power- 
to-area efficiency of roughly 150 W/m^, the size of each solar panel may be 
about 4 by 9 m. 

Batteries 

The following electrochemical storage systems have been reviewed to determine 
their applicability for geosynchronous orbit in the early 1990s: 

a) Nickel Hydrogen 

b) Hydrogen - Oxygen Fuel Cell - Electrolyzer 

c) Secondary Lithium 

The elements considered in this review were the specific energy density, rate 
capability, technology availability in 1990 for flight development by 1995, 
and complexity of the system. 

Based on this cursory review, nickel hydrogen batteries were selected for MSAT. 
By 1990, it is expected that the nickel hydrogen battery system will have 
advanced to common pressure vessel usage, and that the specific energy density 
will oe approximately 65 Wh/kg at 100 percent depth-of-discharge (D0D). There 
is no discharge rate problem, and the system will probably be used at 80 per- 
cent 000. The technology for Ni -H2 is presently available, and thus the only 
assumption made is that the common pressure vessel will be available by 1990. 
Additionally, this electrochemical system is considered a simple system and 
a forgiving system to under-charge and over-discharge. There should also be 
no difficulties with the life expectancy requirements. 

In order to determine the number and the weight of batteries required for MSAT, 
assume that each battery will provide 1 kW of power during the eclipse. As 
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mentioned earlier, the maximum duration of eclipse is 72 minutes. Allowing a 
short period of about a half hour after the eclipse for solar array warnnup, 
each battery will supply 1 kW for a total of 100 minutes. Allowing 80 percent 
(D00), the capacity of each battery will then have to be 1 kW x (100/60 h) x 
(1/0.8) or roughly 2 kWh. Further, assuming 65 Wh/kg energy -to-mass ratio, the 
weight of such a battery will be roughly 32 kg. 

Since the sun occultation occurs at local midnight at the subsatellite point 
(110° W. longitude in the case of MSAT), it is assumed that during the 
eclipse in most of the coverage area (i.e., CONUS), the local time would be 
past midnight. Assuming that the demand for LMSS during these hours is not at 
its peak, the MSAT secondary power system is sized to provide power for the 
system operating at 50 percent capacity. Thus of the total of 6.25 kW reported 
earlier only 3.12 kW must be generated by MSAT batteries. Based on the above 
simplified discussion, three batteries with a total weight of roughly 96 kg are 
provided for MSAT. 
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3.11 STRUCTURE SUBSYSTEM 


The structure of MSAT Is dominated by its large UHF antenna. The three main 
components of this antenna are the reflector, its supporting mast, and its large 
planar feed array. In this section, the structural and mechanical properties 
of the reflector and the mast are discussed while Section 3.12 covers the 
material pertinent to the planar feed array. Additional comments concerning 
the technology readiness of the reflector and the mast are provided in 
Chapter 5. 

The Reflector 

The UHF antenna uses a wrap-rib mesh deployable reflector. The wrap-rib re- 
flector design concept consists of a number (variable) of radial ribs or beams 
which are cantilevered from a central hub structure [Ref. 8]. Each of the 
ribs is attached to this hub structure through hinges. The radial rib system 
provides the mounting for the antenna reflective surface. For parabolic or 
other curved reflectors, the ribs are formed in the required shape, and 
reflective pie- shaped mesh gores are attached between the ribs. 

The rib cross section and material are chosen to permit the elastic buckling 
of the ribs. This is to allow the ribs to be wrapped around the hub structure 
*n the ascent or stowed package configuration. 

In the stowing process, the ribs and attached mesh surface are rotated about 
the rib hinges until the ribs are tangent to the hub, as shown in Fig. 3-23. 
After this rotation, the ribs are pulled around the hub and are wrapped up. 

The elastic buckling of each rib accommodates this configuration. The surface 
material is allowed to fold into a package located between the ribs. 
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Figure 3-23. Wrap-Rib Reflector Deployment 
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The elastic energy stored in the wrapped ribs is sufficient to accomplish 
deployment of relatively small diameter (less than 20 m) systems. For this 
case, the stewed antenna package is contained by a series of hinged doors 
which are held in place by a restraining cable. Deployment occurs when the 
cable is severed. For the larger diameters, the deployment loads and momentum 
exchange with the spacecraft will not allow this free deployment. A deploy- 
ment restraint system must be incorporated to control this sudden release of 
strain energy. 

The baseline wrap- rib reflector concept lends itself quite readily to con- 
struction of an offset-fed reflector configuration. Geometrically, an offset 
reflector is described by a paraboloid where the geometric centerline is not 
coincident with the parabolic axis of symmetry. In order to gain the electri- 
cal advantages of reduced blockage, the parabolic axis, ana therefore the 
focal point, must in fact he located external to the section aperture. This 
section can most easily be visualized by forming a large paraboloid of diameter 
'Jp and then passing a cylinder, with a parallel axis of symmetry, through *hc 
paraboloid, as shown Fig. 3-24. If the cylinder has a diameter d less than 
Dp/2 and its axis is parallel with the axis of the parabola, the section of 
the paraboloid bounded by the cylinder is representati ve of the desired offset 
reflector surface. Further, if (Dp/2-d) is selected to be sufficiently large, 
there will be no blockage of the electrical field of view. 

The new surface can be described mathematically with simple coordinate trans- 
formation and rotation of the equations for the parent paraboloid. The result 
is a planar symmetric structure as opposed to the original axisymmetric 
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structure. The offset wrap-rib uses the radial rib system attached to a 
central hub as in the axisymmetric design, except that the hub is now located 
in the center of the offset section, with the plane of the hub parallel to the 
local slope of the parent section. 

The Mast 

The baseline geometry associated with the L-shaped deployable reflector 
support structure is shown in Fig. 3-25. Support structures of this type are 
under study in the Large Space Systems Technology (LSST) Program. As deter- 
mined through the LSST concept development, the most efficient configuration 
for this structure is a truss. All existing deployable truss structures were 
reviewed and considered for application to the offset antenna. None of these 
provided adequate margins on the anticipated systems requirements. Several 
of them, however, contained desirable features. The extensible truss structure, 
resulting from tne LSST concept development activity, takes advantage of the 
"good" features from many of the known configurations. 

The stowed mast is contained in cartridge form within the lower deployment 
cage, as shown in Fig. 3-26. Deployment occurs in two simultaneous phases. 

The top bay of the cartridge stack is driven by a chain system. At the same 
time, another transport chain orive slowly moves the cartridge stack into 
position such that the r.ext bay can be engaged for deployment. The joints in 
each of the longerons are preloaded over center latches that eliminate the 
bearing clearances. This mechanism has the capability of being restowed by 
simply reversing the operations. The mast retains its structural load carrying 
capability throughout both the deployment and restowage operations. 
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3.12 UHF FEED ARRAY ASSEMBLY 


The UHF feed array assembly Is located at the focal point of the MSAT UHF 
reflector. It Is supported by a short boom hinged to the MSAT structure near 
the electronics bus. Figure 3-27 shows a view of the face of the feed array 
assembly. As shown, the assembly is 6. S by 11.4 m. A structure Of this size 
will not fit within the Shuttle orbit's cargo bay envelope and therefore must 
be folded. After allowance is made fo r other satellite components that must 
also be stowed, the feed assembly must be folded into five parts. The stowage 
requirement necessitates that the feed assembly not exceed 25 cm in thickness. 
Figure 3-27 shows the manner in which the feed assembly is broken down into 
the five panels and folded in the stowed condition. The circles in this f'gure 
schematically show the location of the 134 feed elements. Thermal radiators 
are shown at the ends of the panels and are used to dissipate the excess heat 
from power amplifiers located in the feed assembly structure. 

The feed array assembly includes the following major subassemblies: tne feed 
elements; the beam forming network; the RF electronics which include the power 
amplifiers, low- noise amplifiers, and diplexers; and the thermal control system. 
Each of these major subassemblies ere discussed in further detail in the 
following subsections. To be able to visualize the interrelationship of each 
of the major subassemblies, refer to Fig. 3-28 which is a 3-dimensional 
cutaway drawing of the feed array assembly. A brief description of the overall 
structure follows. 

The top layer contains the feed elements. Each feed element consists of four 
microstrip square patch subelements which can easily be seen. The feed layer 
consists of foil patches supported by a fiberglass skin which in turn is 
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separated from a ground plane by a l. r on thick honeycomb. Further detail on 
the feed structure is given in Section 3.12.1. 

Next, there is a 2.5 cm thick honeycomb isolating layer separating the feed 
layer from the team forming network. The bean fonrinq network consists of two 
bick-to-back microstrip boards each constructed of 0.32 cm thick honeycomb 
dielectric and cove* ad with 0.013 cm thick fiberglass printed circuit board 
skins. Another 2.5 on thick honeycomb isolating layer separates the beam 
forming network and the transmission line layer. The transmission 1 ; ne layer, 
also made of printed circuit board skins and honeycomb, connects trie individual 
beam ports on the beam forming network to cables at the lower edge of the feed 
array assembly, which in turn connect to the bus located electronics. The beam 
forming network structure is discussed in Section 3.12.2. 

Due to the honeycomb and face skin technology utilized for the above panels and 
the way the above pane! layers are bonded to each other, they form a strong and 
rigid structure. However, additional structure is needed to tie the panels to 
the satellite structure and to support the RF electronics. This additional 
structure is shown just below the panels and consists of a series of channels 
which »un parallel to the panel hinges or along the height of the overall feed 
assembly. Mounted between tee channels are the power amplifiers, low-noise 
amplifers, and diplexers. The physical ar,d electrical characteristics of these 
electronic modules are discussed *n Section 3.12.3. 

The amplifiers are connected via a heat sink to heat transfer pipes, which run 
alongside some of the channels and transport the waste heat to remote radiators 
located at either end of each feed assembly panel. Heat pipes and radiators 
are covered 'tall In 3.12.4. 



The last layer consists of a thermal blanket that covers the backside of the 
feed array assembly. A hinge joint is also shown in the figure. Not shown, 
but an important consideration, is the cables or flexible microstrip boards 
that are required to provide continuity in the beam forming network across 
the panel hinge lines. 

The final feed array assembly thickness is 18 cm, so toe assembly can easily 
be accomnodated within the 25 cm allocation, as dictated by space limitations 
of the Shuttle. 

Weight Breakdown 

A structure the size of the UHF feed array assembly (6.9 by 11.4 m) implies 
large weight and therefore weight is one of the strongest drivers in the 
design of the feed assembly. Table 3-12 illustrates the weight breakdown for 
the various parts of the feed array assembly. The total weight is 1170 kg. 

The beam forming network, thermal hardware, and RF electronics are the main 
weight drivers and it is tnese items which must be addressed if the overall 
weight is to be reduced. There is some potential weight savings in the beam 
forming network and this will be reviewed in Section 3.12.2. 

Following this brief overview, the following subsections will cover in more 
detail the properties cf the feed arrays, beam forming network, RF elec- 
tronics, and tne feed thermal control hardware. 

3.12.1 UHF Feed Array Implementation 

The MSAT feed array for the UHF multibeam reflector antenna is a very critical 
component of the system in terms c f weight, deployability, and electrical 
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Table 3-12- UHF Feed Array Assembly Weight 


Item 

j Weight, 

kg 

Radiating Elements 


113 

RF Electronics 


305 

Power Amplifiers 

I 122 


Low-hoi se Amplifiers 

1 31 


Oiplexers 

i 152 


Beam Forming Network 

i 

244 

Cables 


120 

RF 

61 


DC 

59 


Thermal Control Hardware 


232 

Heat Radiators 

!C 


Heat Transfer Pipes 

69 


Heat Sink Flanges 

91 


Structure 


156 

Total 

1 

| 

1170 


l 

t 


3-101 




performance requirements. The proposed feed array for NSAT uses microstrip 
patch radiating elements. This design allows large portions of the arr»y 
to be etched from a single copper laminate in one production step. The etched 
circuit is supported above a conductive ground plane at a height of a very 
small fraction of the wavelength (Fig. 3-29). The result is a feed array 
which is thin enough that, together with other components of the proposed feed 
assembly package, forms a sandwich less than 25 cm thick that can be divided 
into several panels and folded into a rather small volume. 

Microstrip design techniques are logical, precise, repeatable, and well under- 
stood. This kind of design has been used in the SEASAT SAR antenna and the 
Canadian CTS, among many other projects. In general, microstrip antennas have 
proven to be reliable, rugged, lightweight, thin, and impervious to severe 
environmental effects. 

Of course, in this case, microstrip antennas (like other aperture type low-gain 
antennas) will require the use of the overlapping cluster- feed elements (each 
element itself is composed of four pacches) with its attendant need for the 
comolex beam forming networks, etc , (see Subsection 3.4.4). Patches are fed 
at two points, via micro strip lines, tor circular polarization (see Fig. 3-30). 

To lighten the microstrip antenna structure, the honeycomb core is laminated 
between the microstrip circuit and the ground plane, instead of the much 
heavier solid dielectric (see Fig. 3-29). The antenna circuit is assumed to 
be etened from 0.61 <g/nr- (two ounces-per- square foot) of copper on 0.127 mm 
(0.005 in.) epoxy fiberglass which forms one face of the honeycomb laminate. 

The other surface is also copper clad 0.305 kg/m? (or one ounce-per-square foot) 
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epoxy fiberglass with the copper providing the ground plane, The use of honey- 
comb laminate (such as Hexcels glass fabric reinforced plastic honeycomb) has 
several advantages. 

i) It is very efficient. The near void between the antenna circuit and 
the ground plane nearly eliminates dielectric losses, which would be 
incurred if a solid dielectric substrate was used. 

i i ) It minimizes the weight. 

iii) It provides for greater bandwidth, since the antenna substrate can be 
made thicker to increase the bandwidth, with very little weight penalty. 

iv) The honeycomb panels are very rigid and can provide for their own 
structural support. 

The feed is supposed to operate in the frequency band of 821-876 MHz with a 
mid- frequency of 848.5 MHz and wavelength A m = 35.35 cm. The required bandwidth 
will be (876-821 1/845.5 = 6.5 percent. Using a computer program developed at 
JPL, the required thickness of the substrate with an assumed dielectric con- 
stant of 1.17, is calculated to be around d~13 mm with a band edge VSWR = 2:1 
and dt: 18 mm with VSWR = 1.5:1. However, since the receive and transmit bands 
are concentrated on two 10 MHz bands at the edges of the total 55 MHz band, it 
is entirely likely to reduce the VSWR at the two bands without increasing the 
substrate thickness, through some matching techniques or patch size manipula- 
tion. The design presented here considers d~18 mm. Now, with the diameter 
of each element of the 7-element cluster feed being previously calculated to 
be approximately 2a, the total surface area of the feed array is estimated 
to be A ~ 58 m 2 . The weight-per-unit area is calculated ai 1.95 kg/m^. The 
total weight of the UHF feed array is, therefore, about :13 kg. Table 3-13 
summarizes the UHF feed array salient features. 
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Table 3-13. Parameters of the Feed Array for UHF MSAT Antenna 


r _ 

Number of Beams 1 

1 

87 


1 

Feed-Per-Beam ! 

! 

7-Element Cluster 


i 

Number of Elements 1 

1 

134 

! 

1 

Element 1 

1 

4 Microstrip Patches 


1 

Square Patch Size 1 

1 

14.1 x 14.1 cm 


— f~ 

Interpatch Spacing 1 

1 

31 cm 


1 

Interelement Spacing 1 

j 

68.6 cm 


! 

Polarization 1 

! 

Ci rail ar 


HP 

Overall teed Array: Dimensions I 

Area 1 

1 

6.89 x 11.43 m 
58 


. — ■ i 

■ 

Feed Array Weight 1 

1 

113 kg 
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3.12.2 Beam Forming Network Implementation 


As discussed In Section 3.7, each of the 87 UHF beams are formed from a 
cluster of seven feed elements. With adjacent beams sharing feed elements, 
a total of 134 feed elements are required to form the 27 beams. Thus a beam 
forming network (BFN) Is required to interconnect each beam port with the 
seven elements that comprise the feed aperture for that beam. Furthermore, 
this must be done In an environment where a jacent beam apertures share feed 
elements, creating overlapping apertures. With the location of the BFN in 
the feed structure, the BFN size must be the same as the feed or approximately 
6.9 by 11.4 m. This allows the BFN element ports to be located, aligned with 
the transmitters and receivers, and ultimately the feed elements. Because of 
the large size, weight is one of the primary considerations in the BFN design. 
Microstrip technology using a honeycomb dielectric is selected to implement 
the BFN to keep the BFN weight as low as possible. 

Figure 3-31, which is the same as Fig. 3-17 in Section 3.7 and is repeated here 
for convenience, is a schematic for a portion of the BFN showing the beam ports 
connected to the 7 -port power dividers and the feed elements connected to the 
7-po**t power combiners. Between the power dividers and combiners are a series 
of interconnections which require innumerable crossovers or intersections which 
cannot be implemented on a single microstrip board and further it is not con- 
veniently implemented with cables. 

It can be shown that the BFN can be built using two back-to-back microstrip 
boards where the power dividers for the beam ports are on one board and the 
power combiners for the feed elements are on the second. Figure 3-32 shows 


3-107 















the two microstrip boards superimposed on each other. The upper board, only 
partially shown and illustrated in red, is the beam port board. The lower 
board shown in black is the element port board. The lines on the boards 
represent interconnections. The central junction of the lines, shown numbered, 
indicate the location of the 7-way power dividers or power combiner modules. 

It should be noted that a power divider module on the upper board is located 
directly over the same numbered power combiner module on the lower board. 

Figure 3-33 shows either a power divider or a power combiner in schematic form. 
At the renter is the power divider module which houses discrete components 
such as multiwinding transformers using ferrite cores. Such discrete devices 
are available for use in the UHF band. These devices are housed in a package 
approximately 0.38 cm thick by about 3.6 cm in width and length and mount 
directly onto the microstrip circuit boards using tabs. The input to the 
divider is shown at the top. The seven outputs consist of six which are in 
the plane of the microstrip board. These extend out about one wavelength 
from the power divider module, at which point they drop down to the microstrip 
boerd below. The seventh output drops down directly from the power divider 
module to the lower microstrip board. 

Referring again to Fig. 3-32, the power divider modules and their six 
associated microstrip lines, as discussed above, are located in a regular and 
periodic fashion on each board. Using beam 17 as an example, the operation 
can be understood as follows - 

a) Locate beam port 17 on the upper board (red). At this location is 
a power divider module with the beam input (not shown) extending up 
out of the page. The outputs shown in red extend radially out from 
the oower divider module. 
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Figure 3-33. Seven-Way Picrcstnp Power Divider Schematic 



b) Next consider the output directed to the right. Follow the red 
line until a point is reached where the line becomes black. This 
is the location of a vertical electrical interconnection between 
the two boards. Continuing along the black line on the lower board, 
the power combiner for element port 12 is reached. 

c) The other five red lines for beam port 17 can be followed in a 
similar manner and it will be found that they connect to the power 
combiners on the lower board for element ports 11, 16, 18, 21, and 22. 

d) The remaining seventh output connects directly (not shown) to the 
power combiner for element port 17 immediately below the power 
divider module for beam port 17. 

e) Referring to Fig. 3-16 in Section 3.7, it can be observed that beam 
port 17 has been successfully connected to those elements associated 
with beam 17. 

In a similar manner, it can be shown that no matter which beam port is picked, 
the network shown connects that beam port only to feed elements associated 
with that port. Conversely, by tracing in the reverse direction, it can be 
illustrated that each element is connected only to those beam ports with 
which that element is associated. The BFN illustrated has the property of 
being usable with a feed system of overlapping 7-element clusters, no matter 
how extensive the feed structure is, because of the periodic property of the 
BFN design. 

The BFN microstrip panels are to be fabricated out of 0.32 cm thick honeycomb, 
as the dielectric, and covered with 0.013 cm thick sheets of epoxy fiberglass. 
The fiberglass sheets in turn support the foils used as the ground plane and 
the etched microstrip circuit. Two of these panels mounted back-to-back are 



required for one BFN. At 1.86 kg/m?, the BFN weight is 108 kg. However, two 
BFN are required, one for transmitting and one for receiving (see Fig. 3 - 20 , 
Section 3 . 8 ).* This amounts to a total weight of 216 kg. Thus the BFN accounts 
for an appreciable fraction of the feed system weight. One way of keeping the 
system weight down is to try to combine the transmitting and the receiving BFN 
function onto the same microstrip boards. Figure 3-34 illustrates a method for 
accomplishing this objective. Notice the upper part of the figure, which 
represents one board layer, and compare this with Fig. 3-32. It can be seen 
that by the use of power dividers with curved arms, two sets of power dividers 
and associated microstrip circuits have been fitted onto the same board. The 
ports associated with the transmitters are labelled with a "T" and those for 
the receivers with an :, R." By tracing the various interconnections in the same 
manner as that for Fig. 3-32, it can be shown that the receive and transmit 
beam forming function can be combined on the same pair of boards, without any 
physical interference between lines interconnecting the various beam and 
element ports. This scheme is selected for MSA! with a savings of 108 kg. 

The overall BFN structure includes, in addition to the BFN; 

a) A transmi ssion line microstrip board that connects the beam ports 

on the BFN to RF cables running between the electronics in the space- 
craft bus and the lower edge of the feed structure. The same tech- 
nology used for the BIN panels are used for the transmission lines. 

b) A 2.6 cm honeycomb dielectric spacer to separate the BFN from the 
feed radiating system and to separate the BFN from the transmission 
line microstr-p board. 


* The discussion in this section is in terms of the two BIN for UHf . S-band 
also requires two BFN, although they are much smaller in size and weight. 
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Figure 3-34. Overlay of Beam Port and Element Port Boards, 
Combined Transmitting and Receiving 
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The weight for this BFN structure is 3.16 kg/m?. Kith an area of 58 m 2 , and 
including weight for the various electrical interconnections, connectors, 
power dividing modules, and hinge circuits between folding panels, a total 
BFN weight of 244 kg results. Adding 61 kg for external RF cables for 
connection to the RF hardware and to the bus located hardware, brings the 
total weight to 305 kg. The materials proposed were used on the Synthetic 
Aperture Radar program and, therefore, are a reasonable first-cut choice for 
the BFN. Lighter weight materials, however, are available which could save 
as much as 90 kg, but a careful structural analysis would have to be made to 
determine how much of this weight savings can be realized. 

Consideration was given to mounting the BFN in the satellite bus (as opposed 
to colocating it with the feed) to see if any weight saving would result. At 
this location there are two possible choices: using the BFN at RF (after the 
drivers for power amplifiers, but before the HPAs themselves), or at IF (see 
Fig. 3-21). Since the discrete techniques used at UHF (RF) are very similar 
to those at IF, the BFN weights would be comparable for both choices. How- 
ever, by placing the BFN at IF, the number of active components after the BFN 
increases by the ratio of 134/87, increasing the system weight. In addition, 
the signals from each beam port must be split into seven different paths at an 
earlier point in the RF subsystem increasing the number of sources of relative 
phase and amplitude errors. For this reason, BFN at IF was not chosen. The 
weight of an RF BFN in the bus came to 274 kg and includes the weight of 
cabling to get all the signals out to the p*cper locations on the feed struc- 
ture. The 31 kg weight savings compared to the feed located design was not 
considered significant when compared with the potential additional weight 
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savings possible for the feed located BFN. Also, locating the BFN in the bus 
significantly increases the distance over which the beam signal is split into 
seven separate paths making the system very susceptible to the effects of phase 
errors. Thus, for the baseliiie design, the BFN was located at the feed. 

3.12.3 UHF Feed Array RF Components 

In this section, performance requirements, size, and weight of the RF com- 
ponents located in the UHF feed array assembly are discussed. Associated 
with each of the 134 UHF feed elements is an electronic module composed of a 
diplexer, a Low Noise Amplifier (LNA), and a High Power Amplifier (HPA) (see 
Fig. 3-28). Each of these three components is now discussed individually. 

3.12.3.1 UHF Power Amplifiers 

The 10 MHz UHF band used in the sate! 1 ite-to-mobil e link is divided into seven 
reusable frequency sub-bands, which are subsequently reused among the 87 
multiple UHF Vans, with each beam being assigned a single sub-band of 1.428 
MHz. Using 15 KHz channels, this 1.428 MHz band , y,u I i i ; «H»ed into 95 
Single Channel-Per-Carrier (SCPC) channels which will be available to users 
within the coverage area of a single beam. 

In order to determine the power rating for the UHF amplifiers, one must 
analyze the manner by which each individual cluster of seven feed elements is 
excited. Consider a SCPC channel within a given beam j which is produced by 
a 7-element cluster. If the total RF power for the channel is designated by P, 
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the BFN will route 79 percent of the power to the center element of the cluster 
with the remaining 21 percent being divided six ways and each of the six 
auxiliary feed elements in the cluster receiving 3.5 percent of the power.* 

From the block diagram of Fig. 3-20, it is seen that each feed element is 
fed from a separate HPA. Since most of the feed elements contribute to the 
formation of more than one beam, then several hundred SCPC channels will be 
routed through the same power amplifier. In particular, the HPAs connected 
to the centrally located feed elements amplify signals for seven different 
beams which implies that 7 x 95 = 665 SCPC channels are routed through each of 
these amplifiers. 

Ninety-five of these 665 channels have a power equal to 0.79P, while the other 
six sets of 95 channels are composed of channels .ith a power of Q.035P. Thus, 
the required operating power for the HPAs which are connected to centrally 
located feed elements must be 

P A = 95 x 0.79P + 6 x 95 x 0.035P = 95P (3-10) 

where P A is the HPA required operating power and P is the average power needed 
for an SCPC channel if Voice Operated Switching (VOX) is employed. 

Not all the feed elements contribute to the formation of seven beams however. 
Those which do are the feeds located in the central section of the array. 
Studying Fig. 3-9 points out that of the first 87 feed elements, there are 


* These percentages correspond to the case where each of the auxiliary elements 
is excited at a level -13.5 dB down from the center element. 
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47 elements which contribute to the formation of 7 beams, 10 which contribute 
to 6 beams, 14 elements contribute to 5 beams, 15 elements contribute to 4, 
and finally 1 element which contributes to the formation of 3 beams. As 
mentioned before, each of these 87 feed elements acts as the central element 
for one cluster as well as being an auxiliary element in some other clusters. 
Feed elements 88 through 134 however, act only as auxiliary elements; of these 
47 peripheral elements, 12 contribute to the formation of 3 beams, 18 con- 
tribute to 2 beams, and 17 contribute to only 1 beam. 

From the foregoing discussion. Table 3-14 summarizes the power requirement 
for the 134 power amplifiers associated with the 134 feed elements. In this 
table, P is the average power needed for a single SCPC channel if VOX is used 
and ot is the percentage of P going to the central element of the cluster. 

After RF power output, the amplifier linearity is the next most critical 
requirement due to the large number of simultaneous SCPC signals. To prevent 
a severe intermodulation noise, the amplifiers must be operated in the linear 
mode which implies that they must be operated several dB below the 1 dB satura- 
tion level. The level of Output Back-Off (0B0) from the saturation point is 
yet to be determined. Most existing intermodulation analysis for SCPC channels 
are for the case where all channels have equal power. However, as indicated 
in Table 3-14, for the present, design channels with two power levels will be 
present in the majority of HPAs. The analysis for this case has been done at 
JPL and is briefly discussed in Appendix D. 

MSAT requires approximately 2 kW of RF power at UHF. To keep the prime power 
requirement reasonable, amplifiers with very high efficiency (in the order of 
50 percent) are required. Furthermore, the HPAs must not only exhibit high 
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Table 3-14. Power Requirement of the UHF High Power Amplifiers 
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at the saturation point, but they must also maintain this efficiency, or 
nearly maintain it, as the output is backed off from the saturation point. 

For this reason, class A power amplifiers are not viable candidates. 

In Section 3.8.2, it was mentioned that the differential phase and amplitude 
errors between the power amplifiers must not exceed 5 degrees and 1/4 d3, 
respectively. Thus, the amplifiers must track very closely in amplitude and 
phase characteristics over temperature and signal drive variations in order 
to preserve the downlink beam pattern integrity. In order to reduce the 
temperature effects on amplitude and phase tracking, the amplifiers will be 
mounted onto a thermal control surface on the back of the feed array (see 
Fig. 3-28). The design goal for the thermal control system is two-fold: to 
maintain the amplifier operating temperature at 25° C +15 c> (device junction 
temperature) for device lifetime, and to control temperature variations as 
a result of system signal dynamics. Details of the thermal subsystem is 
discussed in Section 3.12.4. It may be necessary to utilize an active phase 
compensation technique in conjunction with a pilot tone from a reference base 
station to further control phase variations. 

In order to limit the hardware weight of the feed array, it has been assumed 
that the regulated power for the power amplifiers is supplied from the bus 
power subsystem via a cable harness. 
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The preliminary UHF power amplifier requirements are: 

Frequency: 866-876 MHz 

Output Power Level (1 dB compression): 92 W CW 

Back-Off Level: 6 dB minimum 

Efficiency Goal: 50 percent 

Gain: 30-40 dB 

Supply Voltage: 24-28 V DC 

3rd Order Intermodulation Products (2 tone): -30 dB minimum 
Phase Stability (uni t-to-uni t): £+5 degrees maximum 

Amplitude Stability ( uni t-to-uni t) : _< £l/4 dB 
Weight 'excluding power supply): 0.91 kg (2 lb) maximum 
Size: 36 cm x 5 cm x 2.6 cm (14 in. x 2 in. x 1 in.) 

3.12.3.2 UHF Diplexers 

A diplexer is required for use with each antenna feed element to separate the 
uplink and downlink signals into their respective receiver and transmitter 
signal paths. The diplexer filtering functions must satisfy the following- 

1) Provide low-loss transmission paths from the antenna port to both 
the transmitter and receiver ports for their respective signals. 

2) Provide sufficient isolation between the transmitter and receiver 
ports such that the transmitter signal is attenuated sufficiently 
at the input of the low-noise amplifier to avoid amplifier 
saturation and meet the overall system requirement for third order 
intermodulation products. The system intermodulation product level 
requirement will establish the minimum level of transmitter-receiver 
path attenuation. 
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3) Provide adequate attenuation between the transmitter and receiver 
ports to attenuate tran^nitter noise which falls within the low-noise 
amplifier passband. 

4) Provide adequate out-of-band attenuation between the transmitter and 
receiver ports to reject transmitter harmonics (2nd, 3rd, etc ) from 
the low-noise amplifier input. 

The preliminary UHF diplexer requirements are as follows: 

Antenna to Receive Branch: 

Insertion Loss: -1 dB maximum 

Rejection: DC to 790 MHz - 91 dB minimum 

860 to 2500 Mhz - 91 dB minimum 
2.5 to 12 GHz - 60 dB minimum 
Transmit to Antenna Branch: 

Insertion Loss: -0.6 dB maximum 

Rejection: (821-831 MHz): 68 dB minimum 

Port VSWRs: 

The input port VSWR shall be no greater than 1.25:1 
maximum, with all other ports terminated with 50 ohm loads 
of VSWR _< 1.02:1 maximum. 

Power Rating: 

The diplexer shall be capable of operating in a hard vacuum 
environment (_< 10"® T0RR) while delivering approximately 
100 W CW into the antenna port, without evidence of corona 
or multipacting. 
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Amplitude and Phase Tracking: 

The diplexer phase and amplitude characteristics must track 
over- the dynamic temperature range (25° C +15°) to within: 

Phase: <_ +5° 

Amplitude:^ +1/4 dB 

Weight: 1.14 kg (2.5 lb) maximum 

Size: 46 cm x 18 cm x 5 cm (18 in. x 7 in. y. 2 in.) 

The diplexer will be mounted on the thermal control surface alongside the UHF 
power amplifier and low-noise amplifier (see Fig. 3-28). 

3.12.3.3 UHF Low- Noise Amplifiers 

A UHF low-noise amplifier is used in the signal path of each antenna radiator 
element following the diplexer. The amplifier precedes the beam forming 
network in order to minimize the receive circuit losses for the low RF power 
mobile uplink. The noise figure and gain requirements for the low-noise 
amplifier are driven by the system noise figure requirement (2 dB receiver 
noise figure) and the circuit losses of the beam forming network. A noise 
figure of under 2 dB should be readily achievable in the time frame required 
for system use. A module gain of 45 dB is projected for system use. The 
low-noise amplifier module design will be used in front of and following the 
beam forming network to provide the required UHF signal gain prior to down- 
conversion in the translator transponder. The amplifier following the beam 
forming network will be housed within tne transponder. The lower noise 
figure modules will be selected for use on the feed array. The supply 
voltage's) required by the low-noise amplifiers will be s : "plied from the 
bus electronics. 
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In order to minimize the level of third order intermodul ation products gener- 
ated in the system by the low-noise amplifier, it is desired to keep the 1 dB 
saturation level of the amplifier as high as possible, limited by the DC power 
requirements. A 1 dB saturation level of +10 dBm minimum is considered 
reasonable. 

The low-noise amplifier will be mounted on the thermal control surface on the 
back of the feed array (see Fig. 3-28). 

The preliminary low-noise amplifier requirements are: 

Noise Figure: 2 dB maximum 

Gain: 45 dB minimum 

Saturation Level (1 dB): +10 dBm minimum 

Gain Tracking (unit to unit): <^0.5 dB 

Phase Tracking (unit-to-unit): jc + 5 degrees 
Weight: £ 0.23 kg (0.51 lb) 

Size: < 9 cm x 5 cm x 1.5 cm (3.5 in. x 2 in. x 0.6 in.) 

3.12.4 UHF Feed Thermal Hardware 


The MSAT feed array proposed in this report has an overall RF power output 
of approximately 2 kW. Each of the 134 feed elements will be excited by a 
dedicated power amplifier module. Each feed element is supported by an 
electronic module which in addition to the power amplifier contains a 
diplexer, and a low-noise amplifier. The thermal requirement of the UHF 
feed array is to maintain the electronic modules temperature at 25° C +15°. 
Additionally, the dimensional thermal stability of the feed array pan n l 
surface must be held within 7 mm rms (corresponding to a 5 degree phase 
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error in the RF radiation). The thermal hardware should be selected so as 
to minimize the overall weight. 

Assuming 50 percent efficiency, the solid state power amplifiers dissipate 
approximately 2 kW of waste heat with the heat source physically distributed 
over the approximately 58 m^ area of the feed array as shown in Fig 3-35. The 
circles shown in this figure represent the equivalent aperture of -he 134 feed 
elements. The numbers within each circle denote the normalized amount of heat 
dissipated by the power amplifiers associated with each feed. The normaliza- 
tion factor N given by 


N = NC .P. ( l-£ )/E (3-11) 

where NC is the number of SCPC channel s-per- beam, P is the average power-per- 
channel requirement when VOX is used, and E is the efficiency of the power 
amplifiers. For the baseline design with NC = 95, P = 0.24 W, and E = 50 
percent, the normal ization factor is 22.8 W.* 

Design Concepts 

The MSAT feed array thermal design considered two basic heat rejection ap- 
proaches (Fig. 3-36): local and remote radiators. In the local radiator 
approach, separate radiating surfaces are installed on the back of the feed 
panel at each of the power amplifier locations. In the remote approach, the 
waste heat is transported to a radiator mounted on the edge of the feed panel 
capable of rejecting to space from both sides. The selection between these two 
approach >s must consider the total weigh* of the radiator and heat transport 
network. 

* For the sake of convenience and the use of round numbers, it is assumed that 
each of the six auxiliary feed elements receives 4 percent of the power (as 
opposed to 3.5 percent used in Section 3.12.3). 
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Figure 3-35. The Distribution of the Normalized Level of Dissipated Heat Over the 
UHF Feed Array 
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Figure 3-36. The Remote and Local Thermal Radiator Concepts for the MSAT 
UHF Feed Array 




The radiator size required for a given power dissipation will in general be 
much larger in the local radiator approach. The view from the local radiators 
to space is dictated by the feed panel orientation, and therefore the entire 
radiator surface would be exposed to direct sunlight during portions of the 
orbit. Using typical low absorptivity thermo-optical coatings, the worst case 
effective radiation heat sink temperature is a relatively high 0° C. By 
contrast a similarly ori ti ited double-sided radiator (having only one face 
exposed to the sun) has an effective sink temoerature around -45° C. Con- 
sequently, Fig. 3-37 shows that under the worst-case orbital environment, the 
single-sided radiator requires six times the area of the remote radiator. 

This difference narrows as the control temperature is raised from the desired 
25° C, eventually approaching a 2 to 1 ratio. Two conceptual designs based on 
the local and remote radiators are discussed next. 

Local Radiator Concept 

A local radiator concept utilizing a transverse fiat-plate heat pipe module is 
shown in Fig. 3-38. A transverse heat pipe is a gas controlled variable con- 
ductance heat pipe in which the liquid flows perpendicular to the vapor flow. 

The module serves as an integral temperature control /mounting panel for 
electronic equipment. The electronic equipment is mounted on one side of 
the flat-plate module while the other side serves as a waste heat radiator 
whose active area is regulated by a noncondensible gas. These modules weigh 
approximately 20 kg/m^ (4 lb/ft^). Thus, from Fig. 3-37, at 25° C for the 
2 kW MSAT, the total weight of thermal hardware based on the local radiator 


3-132 






ORIGINAL PAGE IS 
OF POOR QUALITY 


SPACECRAFT 




Figure 3-38. Typical Application of Transverse Flat-Plate 
Heat Pipe 
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is 620 kg. An experiment utilizing this concept will be flown on the Shuttle- 
launched Long Duration Exposure Facility [Ref. 9]. Because of the higher 
effective sink temperature in a single-sided radiator, local radiators appear 
to be more practical for higher control temperatures (over 45° C) or possibly 
for low-power dissipations, where the higher radiator weight could be com- 
pensated by savings in the heat transport network. 

Remote Radiator Concept 

A concept utilizing heat pipes and a remote radiator is shown in Fig. 3-39. 

For this application, heat pipes are considered an attractive heat transport 
technique since there is no pimping power penalty and the lack of moving parts 
make them inherently reliable. In this concept, fixed conductance axially- 
grooved heat pipes transport the dissipated heat to the top, or the bottom, 
of the feed panel. In a fixed conductance axially-grooved heat pipe, heat 
input and rejection can occur anywhere along the length, being dictated simply 
by the temperature difference between the vapor and the pipe wall. A major 
reason for selecting the axially-grooved configuration is the long operating 
experience aboard the Orbiting Astronomical Observatory (0A0) [Ref. 10], and 
the Applications Technology Satellite (ATS) [Ref. 11]. Other reasons include 
the good evaporator/condenser film coefficients and the relative ease of 
fabrication as compared to wicked heat pipes. 

At the edge of the panel, the fixed conductance heat pipes interface with 
variable conductance heat pipes (VCHP) running through the radiator. The VCHP 
regulate the heat flow to the radiator to compensate for changes in source 
dissipation and effective sink temperature [Ref. 12]. VCHPs operate by virtue 
of a noncondensible gas (nitrogen) which is normally swept to and collects at 
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Figure 3-39. Heat Pipe/Remote Radiator Concept 
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the cold end of the pipe. As the evaporator temperature decreases, the vapor 
pressure in the pipe is reduced and the gas expands out of the reservoir 
covering part of the condenser surface. The net effect is that the gas/ vapor 
interface moving back and forth along the condenser regulates the active 
radiator area. A more complete description of variable conductance heat pipes 
may be found in Ref. 11. 

In a passive VCHP, the control banc depends on the range of external environ- 
ment, the reservoir to condenser volume ratio and the transient response of 
the reservoir. Typically, a +15° C control band can be obtained. Tighter 
control can be achieved by the use of a feedback system, with a sensor on the 
evaporator used to control output to an electrical heater on the reserv'oir. 

The reservoir is then forced to respond to variations of the control point. A 
schematic of such a system is shown in Fig. 3-40. VCHP, with active feedback, 
will be employed on the GSFC Thermal Canister [Ref. 13] to be flown on the 
Shuttle OFT. Ground tests of this system under simulated orbital environments 
has demonstrated a control band of +1° C. Next, the weights of the radiators 
and the heat transport network is estimated. 

a - The Radiator 

The radiator is envisioned as five thermally decoupled segments, each approxi- 
mately the width of a feed panel segment. The surfaces would be coated with a 
low absorptivity/high emissivity thermo-optical film such as zinc orthoti tanate 
(ZOT, ct/c = 0.2/0. 9). For structural integrity, the radiator would be con- 
structed as an aluminum honeycomb sandwich. 

The radiator fir. effectiveness depends on the heat pipe spacing and the 
equivalent fin thickness. Figure 3-41 shows that a 95 percent fin efficiency 
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Figure 3-40. Variable Conductance Heat Pipe Radiator With Active Feedback 
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can be achieved by spacing the heat pipes at 0.3 m and having an equivalent 
0.28 cm fin thickness. This equivalent fin thickness can be attained with a 
2.54 cm thick aluminum honeycomb core with a bulk density of 64 kg/m^ and 
0.127 cm aluminum face sheets. A sketch of the heat pipe radiator is also 
shown in Fig. 3-41. This configuration results in a radiator weight of 
approximately 12 kg/m2. From Fig. 3-37, at 25° C, 3 m2 of radiator is needed 
per each kW of dissipated heat; therefore for the 2 kW MSAT, the net weight of 
the required radiator is approximately 72 kg. 

b - The Heat Transport Network 

For purposes of determining a weight estimate for heat transport, the concept 
assumes a heat pipe geometry similar to ATS. These are a 1 cm inside diameter 
(I.D.), axially-grooved, extruded aluminum pipes with ammonia as the working 
fluid. Their heat transport capability is 140 W-m and the film coefficient is 
better than 0.6 W/cm2 °C. It is assumed that the heat dissipating components 
would be mounted directly on to the heat pipe flange with a good thermal inter- 
face compound. Pipe sections between the heat dissipating components (non- 
flanged) would be insulated with multilayer insulation (MLI). As a first 
approximation, the effective heat pipe length is calculated by: 

L e ff = power dissipated x mean transport length (3-12) 

140 W-m 

From Fig. 3-35, L e ff can be calculated to be approximately 275 m. Using a 
weight density of 0.25 kg per meter, which is typical of the aforementioned heat 
pipes, the total heat pipe weight is estimated at approximately 69 kg. This 
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gives a conservative answer since In practice the heat pipe diameter would be 
weight optimized. At 134 locations along the heat oipes, flanges (or saddles) 
are required to couple the 134 power amplifiers to the heat pipes. Assuming 
0.68 kg (1.5 lb) per flange, the toi;al weight of the entire thermal hardware 
network under the remote radiator concept will be 232 kg. 

The heat pipe network must be thermally isolated from the feed panel structure. 
In the present concept, the heat pipe/radiator system is not sized to actively 
control the structure temperature. It is expected that the necessary 
dimensional stability can be obtained by constructing the panel out of low- 
thermal expansion materials (e. g. , graphite-epoxy, frit-bonded ULE), coating the 
front surface with white paint, and blanketing the back face with MI. These 
passive thermal control techniques can maintain the feed panel temperature below 
40° C in full sun. The issue of dimensional thermal stability deserves further 
analysis. 

Results 

As a preliminary estimate. Fig. 3-42 shows that a heat oipe/radiator system 
for 25° C control would weigh in the order of 116 kg per <W of heat dissipation. 
This excludes support structure weight. The system weight decreases slightly 
if the control temperature is relaxed, attributed primarily to the reduced 
radiator area. It is interesting to note that 2/3 of the system weight is due 
to the feed panel heat pipe network. It would appear, that at some power 
dissipation level, a tradeoff could be made between a heat pipe network and an 
equivalent power penalty for a closed loop pumping system with lower tubing 
fixed weight. The estimated weight for a system employing local radiators 
(transverse Hat-plate heat pipes) is also shown in Fig. 3-42 for comparison. 
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Figure 3-42. Th ma I Control System Weight for Heat Pipes/Remote Radiator Concept 




Conclusions and Recommendations 


Based on the heat pipe/ radiator approach considered, a thermal control system 
for the MSAT feed array can be expected to weigh in the order of 232 leg for 
2 kW of heat dissipation. The weight varies linearly with heat dissipation 
required, but only slightly with desired control temperature (20° to 45° C 
range) . 

There appears to be a design breakpoint between the remote radiator/heat pipe 
approach and the local radiator jproach for electronics control temperatures 
above 45° C. Also, as power dissipation levels increase, the design tends to 
favor a closed loop pumping system over the heat pipe network. For the 
2 kW level being considered, a closed loop pwiping system deserves further 
evaluation. 
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3.13 ATTITUDE AND ARTICULATION CONTROL SUBSYSTEM 


The attitude and articulation control subsystem (ACS) performs the spacecraft 
pointing and stabilization functions as well as the pointing control of its 
articulated elements (solar panels, etc.). 

rlSAT, with its large feed and UHF reflector, and its long boom connecting the 
two. constitutes a large flexible spacecraft whose attitude control presents 
j challenge of unprecedented proportions. First of all, MSAT dimensions are 
of the order of 100 m, making it considerably larger than any spacecraft 
flown to date. Secondly, this very large satellite must be stabilized and 
pointed to very precise requirements (0.03 degrees) Thirdly, the system must be 
hi gMv reliable and autonomous in order to provide uninterrupted 24-hour 
service during the rather long 10-year mission lifetime. 

In this section, a concise description of the attitude and articulation control 
subsystem, including its functions and requirements, operational modes end 
constraints, subsystem conceptual design and hardware list, is presented. A 
more detailed description and assessment of components and other key technolo- 
gies is given in Chapter 5. 

3.13.1 Atti tude C ontrol Functions and Requirements 

ine functions performed by the MSAT attitude control system include: 

o Reduction of separation rates after orbit injection by the upper 
stage vehicle, and acquisition of references; 
o Maintenance of control during deployment of the satellite into 
its final configuration; 
o Pointing of the solar array; 
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o 


Precision pointing of the antenna; 
o Maintenance of proper dish surface accuracy and relative feed/dish 
position and orientation; 

o Automatic reacquisition of references in the event they are lost; 
o Providing commands to propulsion and control hardware during 
stationkeeping operations to achieve the desired a V, while 
maintaining precise Earth pointing; and 
o Providing continuous control for a 10-year operation. 

The ACS accuracy reouirements are set at a fraction of the total system 
accuracy requirements discussed in Section 3.2, and are assumed as follows: 


Requirement 


System ACS 

Total Allocation 


Pointing 

Stabil ity 

Dish Surface 
Accuracy, RMS 

Solar Array Pointing 


+0.10 degrees 
+0.04 degrees 

6 mm 

+1 degrees 


+0.03 degrees 
+0.03 degrees 

3 mm 

+1 degrees 


3.13.2 Control During Mission Phases 

For attitude control purposes, the mission is partitioned into four major 
phases: Phase I for launch into synchronous orbit. Phase II for separation, 

deployment, and acquisition of local vertical and celestial references. 

Phase III for system checkout, updating, and performance testing, and Phase IV 
for the operational cruise phase. The ACS operations during these phases are 
discussed in the following paragraphs. 
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During Phase I, MSAT is first carried by the Shuttle to low Earth orbit 
(LEO) and subsequently transferred into geosynchronous orbit (GEO ) by the 
upper stage vehicle. All control functions during this period are provided 
by the Shuttle and the upper stage vehicle guidance and control (GSC) systems. 
Throughout this phase, the MSAT ACS is typically powered on, but functionally 
disabled. Immediately prior to separation, the ACS is initialized and initial 
attitude information is handed off to the ACS from the upper stage vehicle 
GAC system. 

Phase II covers the separation, deployment, and acquisition of the local 
vertical. Various alternate scenarios are possible during this phase (for 
example, deployment can be performed before or after separation, while MSAT is 
still attached to the upper stage vehicle). Several choices are also possible 
as to the order of the various deployment activities. For the purposes of the 
design, the following assumptions are made: 

i) The deployment sequence consists of four principal events: 
boom extension, reflector unfurling, solar panel deployment, 
and feed deployment (not necessarily in that order). Complece 
deployment can take anywhere from about 1-2 hours to 12 hours, 
or more if sequence is ground assisted with ground analysis 
and verification of intermediate deployment stages, 

ii) It is desirable to deploy the solar panels as early as convenient 
in the sequence and to point them to the Sun. 

iii) Once the MSAT is deployed, it is undesirable to perform extensive 
search maneuvers to locate the Earth and the Sun and to reorient 
the spacecraft to the correct pointing. Such search maneuvers 
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typically involve several 360-decree search turns. Because of 
the very large inertia of the deployed MSAT, such turns could 
require considerable tine (several hours). 

The following scenario can be postulated for Phase II: It will be assumed 

that prior to separation the upper stage vehicle will orient the MSAT to the 
desired initial orientation (+Z axis along the local vertical, +Y axis due 
south, see Fig. 3-46). The MSAT gyro package will be initialized to this 
orientation just prior to separation. The separation event is normally 
commanded by activating pyrotechnic latches which when released allow a set 
of spring loaded mechanisms to push apart the two bodies. As a result of the 
separation forces, residual tip-off rates are invariably imparted to the 
bodies. In the case of MSAT, such angular rates could be in the order of 
1 degree/s. A separation time of 0.3 s would be typical (this is the time it 
would take for the spring mechanisms to extend completely). During this 
brief period of time, the gyros are on. but the ACS thrusters are briefly 
inhibited. About 1 s after separation, the thrusters are enabled and will 
begin to fire to null out the separation rates, to stabilize the MSAT about 
the desired initial orientation, and to impart to it the required 15 degree/h 
orbital rate. 

Once the MSAT has been stabilized following the separation event, deployment 
can begin with the initial extension of the boon., followed by deployment of 
the solar array and Sun acquisition. This will be followed by deployment cf 
the two reflectors and their feeds. During these events, the deploying 
antenna is maintained correctly pointed to the ground and the Sun by means 
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of ephemeris data, gyro and Earth sensor outputs, and solar panel Sun sensor 
data. Precise pointing during this phase is not important, the main objective 
is to complete the separation and deployment events in the "acquired" mode, 
i.e., with the Earth and the Sun in the fiel d-of-view of the optical sensors. 

Phase III is a period of JO to 90 days during which extensive system evaluation, 
calibration and checkout takes place. An optical sensor is used during this 
phase to measure the static linear and angular alignment errors of the deployed 
feed and reflector, and their relation with respect to the ACS control reference 
frame. The same optical sensor is also used during this phase to perform the 
in-orbit dynamic character! ration of the system (systems identification). Such 
in-orbit testing of the system (which is needed because of the impossibility of 
ground testing such a large structure), will yield the mode shape and frequency 
data required to update the control system flight software and to achieve the 
desired precise pointing and stabil i zation of tne antenna. It is envisioned 
that this will be an iterative process requiring significant ground support. 

The 10-year operational phase (Phase IV) begins after the system has been 
thoroughly checked out, calibrated, and the required performance levels have 
been achieved. During Phase IV, the ACS will maintain precision pointing of 
the antenna to the desired ground target for the duration of the mission. 
Stationkeeping operations (see Section 3.14) will be carried out periodi- 
cally without interruption of service and degraoation o*' pointing. 

3.13.3 Disturbance Environmen t a nd Management Approach 

During operations in geostationary orbit, there will be a number of forces 
acting on the MSAT which the control system must deal with in order to insure 


3-14 8 



correct pointing. These forces or torques arise from both internal as well 
as external sources. Internal disturbances can be created by the control 
system itself (jet firings, stepping the solar arrays, actuator noise, etc.) 
or by other subsystems (slewing of a flight tape recorder, thermal flutter, 
etc.). Such internal disturbances are typically small and create dynamic 
disturbances which must be damped out by the control system in order to 
insure acceptable levels of pointing accuracy. 

External disturbances, on the other hand, arise from outside sources, and 
tend to be quasi-static disturbances which, if unchecked, would cause the 
spacecraft to slowly drift away from the desired pointing. For MSAT, the 
principal external disturbance torques are: 

1) gravity gradient; 

2) dynamic balancing; and 

3) solar pressure. 

Gravity Gradient 

For an orbiting spacecraft, gravity gradient forces will act to align the 
spacecraft axis of least inertia along the local gravity vector (i.e., local 
vertical). For MSAT, a constant torque is present due to a 17-degree angle 
between the minimum inertia axis and the local vertical (see Section 3.15). 
This torque about the roll (X) axis requires a daily momentum of about 1334 
N-m-s (984 ft-lb-s) to counteract. 

Dynamic Balancing 

At geosynchronous orbit, the spacecraft must rotate once a day about the 
pitch axis. With the offset- fed MSAT configuration, this requires rotating 
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or spirming the spacecraft about the Y axis, which is 17 degrees o f f from the 
axis of maximum inertia. A constant torque about the roll (X) axis is required 
to maintain such a spin about a nonprincipal axis. A daily momentum of about 
445 N-m-s (328 ft-lb-s) is required for this (iynamic balancing torque. 

Solar Pressure 

Solar pressure torque is a consequence of the accumulative solar pressure 
having a center-of-pressure (CP) displaced from the vehicle center-of-mass (CM) 
over most of the orbit. With the vehicle in a 24-hour orbit, the solar torque 
is cyclic with a one-day period. Figure 3-43 illustrates the solar torque 
disturbance about each axis for a typical fall or spring day. The daily 
momentum required to counter the solar torque is greatest about the pitch (Y) 
axis and is equal to about +443 N-m-s (+327 ft-lb-s), as compared to approxi- 
mately +195 N-m-s (+344 ft-lb-s) and +303 N-m-s (+76 ft-lb-s) for the roll (X) 
and yaw (Z) a\es, respectively. 

To counteract these major external di sturbances, four techniques were con- 
sidered: 

1) Magnetic Torquing; 

2) Center-of-Pressure Control; 

3) Mass Expulsion; and 

4) Momentum Storage. 

Maqnetic torquing can be achieved by means of magnetic coils on board the 
spacecraft which interact with the Earth's magnetic field. Since the 
strength of the magnetic field at geosynchronous altitude is very low, this 
approach resulted in a very large electromagnet both in terms of size and 
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mass. Because of its excessive mass, as well as the problems of integrating 
the large coil with the deployable reflector, this approach was discarded 
from further consideration. 

Center-of-pressure control can be achieved by the articulation of a suitable 
control vane or surface. For example, a large lightweight, aluminum-coated 
Mylar control surface would be articulated to attain the desired CP control. 
Although such a system could be made lightweight, it was ruled out because 
it adds substantial structural complexity and structural flexibility. 

The mass expu T s ; on approach utilizes the thrust created by a propellant. 

Typical example; wu<ld be either cold or hot gas jets (nitrogen, hydrazine, 
etc.), or various forms of electric propulsion (pulsed plasmas, ion thrusters, 
etc.). A common characteristic to all of these approaches is the consumption 
of some expendable propellant. Of all of the above, hydrazine is a good choice 
in that it has been successfully flown in many satellites. It also has a good 
specific impulse I sp v 220-300 s, about four times better than nitrogen. 

Although electric propulsion can achieve specific impulses 10 times better than 
hydrazine, its state ot development is not as advanced. For these reasons, 
hydrazine thrusters will be assumed for the remainder of this discussion. 

Momentum storage devices, such as Reaction Wheels (RW) and Control Moment Gyros 
(CMC), produce the desired torquing by accelerating or decelerating a spinning 
flywheel, or by gimballing it so as to reorient its spin axis. Both types of 
systems are quite similar. Without loss of generality, a reaction wheel system 
will be assumed for the rest of this discussion. The main problem with momentum 
storage devices is their limited storage capability. This makes them useful 
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only until they saturate (i.e., until the RW reaches its maximum speed), at 
which point they must be "unloaded 1 with another torquing method such as gas 
jets. Because of this, they are ideally suited to manage cyclic torques (such 
as the solar pressure torques discussed earlier), and can thus save a consider- 
able amount of propellant. For one-sided constant disturbance torque manage- 
ment, they do not provide any propellant saving at all, but nevertheless, they 
do offer the benefit of temporary accumulation of momentum and thus allow the 
possibility of firing the thrusters much less frequently (every few hours when 
required to unload the wheels). 

In order to select a disturbance management approach for MSAT, a study was con- 
ducted to tradeoff a gas-jet only system against a gas-jet plus reaction wheel 
system. Selection criteria included: 

o Pointing and stability performance; 

o Reliability; end 

o System weight. 

It is estimated that in an all gas-jet system, some thrusters would be fired 
every five minutes, on the average. This means that the structure would be 
excited frequently. The most used chrusters would be those which control +Y 
with about 125 firings per day, or 460,000 over a 10-year mission lifetime. 
Total system mass to combat the disturbances (propellant, tankage, thrusters) 
is 620 kg (1367 lb). 

Various gas-jet plus reaction wheel systems were also considered. The one 
selected uses 100 percent RW management of solar pressure torques and 25 per- 
cent temporary management of the one-sided torques (this results in wheel 


3-153 



unloading every six hours). Because of its superior characteristics, this is 
the system selected for the MSAT. With this system, the number of thruster 
firings reduces to four per day, with the most used thruster firing only 14,600 
times during the 10 years. This reduction provides a double benefit: 1) 

improved pointing and stability, and 2) relaxing the thruster lifetime require- 
ment by a factor of 30. Total system mass to combat the disturbances (pro- 
pellant, tankage, thrusters, reaction wheels) is 280 kg (617 lb), or about half 
of the gas-jet only system. 

3.13.4 ACS Design Approach 

In addition to the requirements for maintaining precise attitude pointing and 
stability of a large flexible structure in an environment of large disturbances, 
a number of other key drivers led to the selection of the MSAT orbital control 
system. The system has to accommodate stationkeeping updates while main- 
taining operation and ue able to provide a 10-year useful orbit life with high 
reliability. The design presented in this document is an integrated design 
capable of performing all required functions during the various mission phases, 
including both the pointing and stationkeeping functions. 

The ACS design is shown schematically in Fig. 3-44. Fundamentally, the system 
makes use of distributed sensing and actuation to point and stabilize the 
antenna. Primary attitude control of the MSAT is placed at the feed bus, and 
controlled to 0.02 degrees, using a hich bandwidth gyro-based control loop 
which is nested within an attitude determination and gyro drift correction loop 
using star trackers. 
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Figure 3-44. Attitude Control Subsystem Approach and 
Functional Block Diagram 
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The reflector and the remainder of the structure is then stabilized and con- 
trolled with respect to the feed bus to an equivalent 0.01 degrees by means of 
i) An optical dish sensor located at the feed which monitors the 
motion of the reflector with respect to the feed, 
i i ) Six degrees-of-freedom (DOF) control actuators to provide 
forces and torques at the feed and at the hub. These six 
DOF actuators include three small fine pointing reaction 
wheels (20 N-m-s) and three attitude control and station- 
keeping jets (0.2-0. 9 N thrust) at each location. 

The optical sensor is also used during Phase III to carry out the necessary 
alignment checkout and to perform the dynamic measurement required for in-orbit 
systems identification. 

In addition to the small fine pointing wheels, three larqer wheels are provided 
for disturbance management. As discussed earlier, these wheels are sized to 
allow 100 percent management of cyclic solar pressure torques, and partial 
management of gravity gradient and balancing torques with four momentum 
dumpings per day. This approach was selected in a tradeoff study which was 
performed to compare a gas-jet only system against a gas-jet aru. wheel system. 
Selection criteria included per formance, reliability and weight. 

Thrusters et both ends of the structure are pulse-modulated to keep net average 
thrust, through the S/C center-of-mass during stationkeeping operations. 
Thrusters are also used for all turn maneuvers required for reacquisition. 
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The thrusters are also used in Phase II for primary control during initial 
separation rate reduction and coarse pointing during deployment (configuration 
must allow use of thrusters while structure is deploying). 

Hardware List 

Table 3-15 provides a list of the control hardware needed to implement the ACS 
design just described. The table identifies each component and gives its 
physical characteristics (mass, dimensions), power and mounting requirements, 
as well as a brief description of its design heritage, estimated lifetime, and 
other pertinent comments. Total subsystem mass is 458 kg (1009 lb) of which 
279 kg (615 lb) corresponds to ACS electronics, sensors and actuators, and 
178 kg (394 lb) corresponds to propellant needed to combat gravity gradient 
and dynamic balancing disturbance torques. (The associated plumbing and 
thruster hardware mass has been included in the propulsion subsystem mass.) 

The average power requirement for the ACS subsystem is 260 W. 

A detailed description and assessment of the above control components and 
other key technology issues can be found in Chapter 5. 


3-157 



Table 3-15 


ORiGW**- 

Of POOR 


f A'. 


f * 


QUAL-lY 


. HSAT ACS Equipment List 


EQUIPMENT. NUMBER 

UNIT 

MASS 

KG (LBI 

UNIT 

AVC*CAK 

POWER 

WATTS 

ONttNSION 

PER UNIT 
CM (IN.) 

DESIGN 

HERITAGE 

COMMENTS 

FINE POINTING 1 

■HEELS 

14(223 

s/7s 

15 x 35 DIAM. 
IS i 14 01AM.) 

STD BALL 
BEARING OR 
MAGNETIC 
BEARING 
DESI6**S 

1 WHEEL PER AXIS PLUS ONE 
SKEWED SPARE AT EACH OF 

2 LOCATIONS. 28 N-M S PER 
WHEEL. MASS. POWER ANO 
SIZE BASED ON CURRENT 
BALL BEARING WHEEL 
TECHNOLOGY 

3-AXIS FIBER OPTICS 1 

INERTIAL REFERENCE 

UNIT 

11 (24.2i 

2*74 

25 i 25 « 25 
(9.9 itli 9.1) 

OAST 

SMC LE AXIS 
FOPS SENSOR 


2 AXIS CCD 2 

STAR TRACKER 

5.5 (12.21 

IB/IB 

13 « 11 * 32 
(5» 7*12) 

OAST 

PROTOTYPE 

STELLAR 

TRACKER 


2 AXIS 2 

EARTH SENSOR 

2.54 (S.S) 

3.2/12 

14 1 12.25* 11 
(5 7 * 5.0*4.51 

LANDSAT 

ANO 

QUANTIC 
MOO IV R 


2AX!S 2 

SUN SENSOR 

S.S2 (1) 

11 

IS * 15 * 8.9 
(S«l* 3.5) 

ATS-6 

ANALOG. 188° SOLID ANGLE 

_ . ... . .. . ___ . 

OPTICAL SHAPE ANO I 

VIBRATION SENSOR 

... . ... . .... ... -- 

DIGITAL COMPUTER (2‘ 2 

2B (40 
25 (55) 

199/IN 
49 49 

25.4 « 35.5 * 75.2 
(18* 14* 38) 

16 8 > 29.5 « 22.9 
(6.5* 11.6*9) 

NEW 

GALILEO 


1 OOF SOLAR ARRAY 1 

ACrUATOH 

5(111 

2/19 

27* 11.0 DIAM. 
(10.6 * 4.3 DIAM.) 

TBD 

STEPPING MOTOR AND GEAR 
TRAIN 

DISTURBANCE MANAGEMENT 
WHEELS WRAP RIB (3) 

X AXIS (MO VNFSI 
Y AXIS (443 AALS) 

2 AXIS (IB3 HALS) 

37.1 (12) 

32.1 (72) 

1I.S 1411 

5/18B 
5 108 

5/78 

TBD 

STD BALL 
BEARING OR 
MAGNETIC 
BEARING 
DESIGNS 


ACS PROPEH ANT 
AT »2 1 

AT 2 1 

BB.5I 196.S) 
Bf.5 (196.8) 



N A 

TBD 

N'A 
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3.14 PROPULSION SUBSYSTEM 


The nominal station of a geosynchronous satellite is in the Earth's equatorial 
plane at a radial distance of 42,164 km from the center of the Earth and at a 
desired longitude. The propulsion subsystem provides the propellant and hard- 
ware used in the orbital AV maneuvers rjuired for 1) initially achieving the 
desired orbit and station following the separation from the upper stage vehicle, 
and 2) keeping the spacecraft there against the effects of the various external 
perturbations which will cause the satellite to drift from its nominal station. 
The major sources of these perturbations are the gravitational pull of the Sun 
and the Moon and the anomalies in the gravitational field of the Earth. Those 
components of the perturbing forces that are normal to the orbital plane result 
in inclination changes relative to the equatorial plane. Those components 
lying in the orbital plane cause changes in the shape of the orbit in its 
plane. In order to overcome these disturbances and to maintain the satellite 
at its station within a given tolerance, the spacecraft must perform periodic 
stationkeeping maneuvers. These orbital correction maneuvers are accomplished 
by firing thrusters causing incremental changes in the spacecraft's velocity 
vector. In this section, the amount of propellant the spacecraft must carry 
for the purpose of stationkeeping and initial maneuvering is estimated. 

Stationkeeping Propellant 

In order to determine the propellant mass needed for stationkeeping, the major 
sources of perturbations are now discussed in a little more detail. It should 
be noted that these perturbations are in addition to the various attitude con- 
trol disturbance torques which were discussed in Section 3.13. The amount 
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of propellant needed for attitude control is dependent upon the configuration 
of the spacecraft and its vulnerability to the various disturbance torques. 

The mass of propellant needed for stationkeeping however, is independent of 
the spacecraft configuration and is primarily a function of the active life of 
the satellite (10 years in the case of MSAT ) , the mass of the spacecraft, and 
the type of the propellant used. 


North-South Stationkeeping 


The satellite must periodically make north-south stationkeeping corrections 
to reduce the inclination of its orbital plane and to restore it to the 
equatorial plane. The causes of drift in orbital inclination of the satellite 
are primarily, the gravitational attraction of the Moon and the Sun. At 
synchronous orbit, the effect of the Moon exceeds that of the Sun by a factor 
of approximately three. These gravitational forces induce a cumulative 
variation in the inclination of the orbital plane. If left uncorrected, this 
inclination builds up to a maximum of 14.67 degrees from an initial 0 degrees 
inclination in 26.6 years. The inclination angle would then decrease to 
0 degrees in a similar period of time. The rate of change of inclination per 
year varies and depends upon such factors as the location of the Sun and the 
Moon relative to th<s satellite station. The mean rate of change for the 
1970-1980 time frame was 0.85 degrees/yr. 


The circlar orbit velocity of a geosynchronous satellite is 3,075 m/s. 

Assuming an average orbital inclination rate of change of approximately 

0.85 degrees/yr, the required incremental velocity correction per year is given 

by : 


uV = 2 V Sin 2 - 


= 2 


(3,075) Sin ( 



)- 46 m/s 


(3-13) 
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Therefore, during the 10-year life of the spacecraft, periodic maneuvers resulting 
in a cumulative velocity change of 460 m/s is required. A north- south 
stationkeeping maneuver is no.mally performed when the inclination angle exceeds 
0.1 degrees or roughly every six weeks. 

East-West Stationkeeping 

There are anomalies in the Earth's gravitational field and for this reason, the 
satellite must make east-west stationkeeping maneuvers to correct for its drift 
in longitude. The amount of correction depends on the nominal longitudinal 
station of the spacecraft. Figure 3-45 shows this annual av requirement as a 
function of the satellite longitude. From this figure, it is estimated that a 
total av of 20 m/s will be required for the 10-year life of the MSAT which will 
be located at 110° W. longitude. 

Initial Maneuvering 

As will be discussed in Section 3.15, MSAT may use an Apogee Kick Motor ( AKM ) 
in the last leg of its journey to a geosynchronous orbit. In launching today's 
communication satellites, such as INTELSAT V, the AKM will deliver the space- 
craft close to its orbital station. However, after the AKM burn, some initial 
maneuvering by the spacecraft is needed to achieve the exact orbital station. 

This initial maneuvering for INTELSAT V required a AV of roughly 95 m/s. Since 
an AKM with sufficient capability to insert the MSAT into a geosynchronous 
orbit does not exist today, it is difficult to speculate whether by the mid- 
1990s an AKM will be available to deliver this massive payload precisely to 
the desired station. For this reason, it is assumed that the spacecraft must 
carry some propellant over and above that required for stationkeeping so that 
after the AKM burn, the spacecraft will be able to maneuver itself to the 
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ANNUAL STATIONKEEPING VELOCITY 
REQUIRED (FT/SEC) 



Figure 3-45. Required East-West Stationkeeping Velocity as a 
Function of Spacecraft Longitude 



desired orbital station. If adding a AV of 120 m/s for this initial maneu- 
vering to the 480 m/s needed for a 10-year north-south and east-west station- 
keeping, results in a total AV requirement of 600 m/s. 

Propellant Mass Estimation 


The following equations are used for estimating the mass of propellant required 
for stationkeeping: 


where 


mi 


a 


m f 



Mj - Mp = Mp 


aV 

I -g 
SP 


-1 


A V 

i *g 

(e SP -1) = Mp • a 


(3-14) 

(3-15) 

(3-16) 


and where Mj is the mass of the spacecraft at the beginning of its on-station 
operational life, Mp is the mass of the dry spacecraft at the end of its life, 
Mp is the propellant mass required to achieve the total aV correction during 
the life of the spacecraft, g is the gravitational acceleration of the Earth, 
and I$p is the specific impulse of the propellant used. Assuming that the 
propulsion hardware, i.e., tankage, thrusters, plumbing, etc., has a mass 
equal to 10 percent of the mass of the propellant, then:* 

Mp - Mp 1 + 0.1 M p (3-17) 

where Mp' is the mass of the dry spacecraft exclusive of the mass of the 
propulsion hardware. 


* The 10 percent may be an optimistic number. 
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Combining Eqs. (3-15) and (3-16), the resul c is 


Mp “ MF ' ' rHnr (3 ' ,8) 

As was mentioned, I gp is the specific impulse of the propellant and its value 
depends on the propellant used. INTELSAT V, using electrothermal ly heated 
monopropellant hydrazine, should achieve an I$p between 285 and 304 s during 
a 7-year mission. For the purpose of this study, an I$p of 300 s is assumed 
which appears to be reasonable for the 1990 time frame. The technology for 
electric propulsion with an order-of-magni tude higher Ijp is discussed in 
Appendix F. 

The mass Mp' for the MSAT is roughly 3,030 kg (sum of the first eight items in 
Table 3-16). From Eq. (3-18) with a total ,\V of 600 m/s the mass of the pro- 
pellant required for initial maneuvering and for north-south and east-west 
staticnkeeping is approximately 702 kg. 

As discussed in Section 3.13, this propellant is to be used by the station- 
keeping thrusters located at the bus and at the hub of the UHF reflector. 

These thrusters at both ends of the spacecraft structure are used to keep the 
net average thrust through the spacecraft center-of-mass (CM), thus allowing 
propulsive maneuvers without having to reorient the spacecraft and the ensuing 
loss of communication. The propellant has to be distributed between the two 
locations in inverse ratio to their distance (moment arm) to the S/C CM. This 
means that 85 percent (596.7 kg) of the propellant is located at the bus and 15 
percent (105.3 kg) is located at the UHF reflector hub. 
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In addition to the stationkeeping propellant, 179 kg of propellant are also 
required for the attitude control subsystem (see Section 3.13). This propellant 
is distributed in equal parts between the bus and the hub. 

Summarizing the above then, a total of 881 kg of propellant is needed by MSAT. 
This propellant is distributed at two locations, at the bus (686.2 kg) and at 
the UHF reflector hub (194.8 kg). Estimating the propulsion hardware weight at 
10 percent of the propellant mass, the total propulsion subsystem weight is 
equal to 969.1 kg. 

Biased Orbit 

As discussed above, the mass of the propellant and the propulsion hardware for 
MSAT is very large. In fact, referring to Section 3.15, this mass constitutes 
about 25 percent of the total weight of the spacecraft. Since most of the 
propellant is used for north-south stationkeeping, the possibility and implica- 
tions of not performing north-south stationkeeping is now considered. As 
indicated earlier in this section, the mean rate of change in the orbital 
inclination is about 0.9 degrees per year. Thus, if left uncorrected for 10 
years, this may add up to approximately 9 degrees. If initially the spacecraft 
is launched into an orbit with a biased inclination of 4.5 degrees, then in 10 
years the spacecraft orbit will be inclined a maximum of 4.5 degrees relative 
to the equatorial plane. (The lunar and solar perturbations will drive the 
orbit inclination from +4.5 degrees through 0 degrees to -4.5 degrees.) The 
subsatellite point maximum latitude excursion during each daily orbit is equal 
to the orbital inclination in degrees and the resultant ground trace of the 
subsatellite point varies from a single point on the equator to a different 
size figure eight depending on the orbital inclination. Pointing of the 
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antenna to the desired target in the ground could still be maintained by 
daily slewing of the antenna in roll through j^i degrees where i is the orbital 
incl ination. 

It may be interesting to evaluate the complexity of an attitude control sub- 
system which would be required to dynamically point the spacecraft antennas in 
the correct direction as the orbital plane drifts daily up to +4.5 degrees 
relative to the equator. It may be advantageous to opt for such a complex 
attitude control subsystem and do away with the large propellant mass needed 
for north-south stationkeeping. Future studies should evaluate the impact of 
this daily slewing requirenent on the attitude control subsystem and perform 
the appropriate tradeoffs. 

Thruster Location 

The location and orientation or the attitude and propulsion thrusters on MSAT 
pose a number of challenging problems. The usual orientation of the thrusters, 
i.e., along the principal axis, is not practical in the proposed MSAT con- 
figuration. Such an orientation results in thruster plume impingement on the 
structural elements. That is, the propellant decomposition products, or gases, 
intercept structural elements after expanding through the jet nozzle. Assuming 
that the small hydrazine thrusters proposed for MSAT will use 30-degree half- 
cone nozzles, after the expansion, the effluent will mainly intercept anything 
within the extended 60-degree cone downstream of the valve. Besides possible 
contamination of the spacecraft with the exhaust gases, the main drawback of 
this impingement is the loss of effective thrust and waste of propellant. 
Therefore, to avoid the impingement problem, thrusters must be mounted such 
that their thruster axis is pointed at least 30 degrees away from the structure 
so that the fipld-of-view as seen by the thruster is unobstructed. 
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By canting the jets away from the structure, the impingement can be minimized, 
but the spacecraft may require more propellant during its mission. To further 
expand on this, it should be pointed out that the amount of propellant re- 
quired by an ensemble of thrusters to produce a net thrust vector in a given 
direction, is minimized if one of the thrusters is aligned in the same 
direction as the desired thrust vector. If the location of the thrusters is 
optimized solely to mitigate the plume impingement, then, in general , two or 
more thrusters must be fired to produce a thrust, or alternatively a aV, in 
the desired direction. In this case, the required propellant by all of the 
thrusters is more than what would have been necessary had one of the thrusters 
been aligned in the same direction as the thrust vector. For this reason, it 
may be necessary to perform a tradeoff looking into the feasibility of placing 
the thrusters at the end of the deployable lever arms, sufficiently removed 
from the hub and the bus to overcome the impingement. At such a location, 
thrusters can be oriented along an optimum set of axes so as to maximize torque 
and propellant efficiency. It should be mentioned that the major portion of 
MSAT propellant is used for north-south stationkeeping. Since, for these 
manuevers the required AV is approximately in the direction of the north- south 
axis (i.e., normal to the orbital velocity), it would be desired to have 
thrusters along this axis. 

In general, the thruster location for MSAT requires further study and optimi- 
zation. In the absence of such data, the propellant mass estimate used in this 
section is based on the simplifying assumption that the thrusters are oriented 
in the same direction, or perpendicular to, the spacecraft orbital velocity 
vectors. To the extent that this assumption may not be true, the propellant 
mass estimate of this section must be considered as a lower bound. 
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3.15 CONFIGURATION, STOWAGE, MASS PROPERTIES* 


In this section, the stowed and deployed configurations for MSAT are discussed 
and mass and moments of inertia tables are provided. Figures 3-46 and 3-47 
provide two views of MSAT in the deployed configuration. In Fig. 3-46, V p is 
the vertex of the parent UHF paraboloid reflector and F is the focal point. 

The longer boom is aligned with the local vertical which is 6 degrees from 
the antenna boresight (in the nomenclature used here, the antenna boresight is 
defined to be the same as the boresight of the central UHF beam which is aimed 
at the center of the coverage area).** The UHF reflector offset height (5.5 m) 
is selected so as to provide an unobstructed path not only for the central beam 
hut also for the southern most scanned beam whose boresight is roughly 2.5 
degrees from the antenna boresight. This offset height insures that all the 
beams clear the top of the UHF feed array. 

Figure 3-47 shows MSAT as viewed from the Earth. Shown in this figure are the 
deployable solar arrays as well as the S-band feed and S-bard reflector. 

Mass Properties 

MSAT is estimated to weigh approximately 4,000 kg (8,800 lb) at the beginning- 
of-life. The weight breakdown in terms of major subsystems is given in 
Table 3-16. Also shown in this table is the percent of the total weight 
allocated to each subsystem. It is interesting to note that MSAT weighs only 
twice that of TDRSS, even though it is a physically much larger satellite. 


* The material in this section is extracted from the results of a configura- 
tion study performed by the Boeing Aerospace Company under contract to JPL. 

** Kansas City with coordinates 39° N. latitude and 95° W. longitude is very 
nearly the geographical center of CONUS. 
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Figure 3-46. Side View of MSAT 
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Table 3-16. MSAT Weight Breakdown 


Item 




Wei ght 

, ka.jjb? 

Percent of Total 

1. 

UHF Reflector; Mast, and Cables 


472.7 

(1.040) 

*11.8 


- UHF Reflector and Mast 

Attachment 

336.4 

(740) 



Upper Mast and Cables 



40.9 

( 90) 

1 


- Lower Mast and Cables 



95.4 

(210) 

! 

j 

I 

2. 

S-Band Reflector 



68.6 

(151) 

I 

*1.7 | 

1 

3. 

S-Sand Feed Array Assembly 



77.7 

(171) 

! 

*1.9 I 

1 

1 

4. 

UHF Feed Array Assembly 



1168.4 

(2,571) 

*29.2 j 


- Radiating Elements 

113.6 

(250) 





- Electronics 

304.5 

(670) 





- Beam Forming Network 

243.6 

(536) 



i 


- Cables 

119.5 

(263) 





- Thermal Hardware 

231.8 

(510) 





- Structure 

155.4 

(342) 



1 

5. 

RF Electronics in the Bus 



(227.3) 

(500) 

*5.7 j 

6. 

ACS 



279.5 

(615) 

i 

%] 1 .4 j 


- Hardware at the Hub 

40 

( 88) 



j 

i 


- Hardware at the Bus 

239.5 

(527) 



l 

i 

7. 

Electrical Subsystem 



347.7 

(765) 

*8.7 

8. 

BUS Structure, TTC and CAGE 


386.4 

(850) 

j 

%9.6 

9. 

Propulsion Subsystem 



%9.1 

(2,132) 

*24.2 j 

j 


- Propellant at the Bus 

686.2 

(1510) 



i 


- Tankage at the Bus 

69 

( 152) 



i 


- Propel 1 ant at the .iub 

194.8 

( 428) 



j 


* Tankage at the Hub 

19 

( 42) 



i 

i 

i 

10. 

Tc^a . 



3,997 

(8,793) 

i 

1 
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This can be attributed to the fact that MSAT, by virtue of being a 1990s 
satellite, uses lightweight components particularly in the electrical sub- 
system, It should be noted that whi’e the primary power of TDRSS is 1.7 kW, 

MSAT has roughly six tines as much primary power, yet weighs twice as much. 

The Concer-o Mass (CM) for the spacecraft is shown in Fig. 3-46. The 
axis of least inertia is offset relative to the yaw axis ( + Z) by approximately 
17 degrees. The moment of inertia about the set of axes shown in Fig. 3-46 
are I x = 3.94 x 10® kg m 2 , ly = 3.53 x 10® kg ro 2 . and I z = 0.5 x 10® kg m 2 . 
Products of inertia for the same set of axes are = -4.82 x 10 kg nr, 

I xz = -5.7? x IQ 3 kg m 2 , and I yz = 0.98 x 10® kg m 2 . 

-Stowage 

Stowage of MSAT inside the Shuttle is a considerable challenge because of the 
volume limitation of the Shuttle's cargo bay and the large dimensions of MSAT. 

To put this in proper perspective, Fig. 3-43 shows a conceptual drawing of 
MSAT. Orawn to the same scale are the Shuttle and 4TS-6 with its 9-w antenna 
which to date is the largest deployable satellite antenna flown in a non- 
cTassi fied ni ssion. 

The stowed configuration of MSAT not only must have a radial envelope which 
fits within the 4.57 m (15 ft) diameter of the Shuttle's cargo bay, it must 
also be compact in the axial direction so as to allow sufi cient room for the 
upper stage vehicle. More details on this are in Section 3.16. 

The iJHF feed array dominates development of the launch configuration. The array 
consists of five, hinged, rigid panels that cannot be collapsed into a small 
volume as can the booms and reflectors. It is therefore necessary to lay out 
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Figure 3-48. Scaled Drawing of MSAT, ATS-6 and the STS Shuttle 
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the feed stowed cross section, shown cross-hatched in Fig. 3-49(a), suffi- 
ciently inside the 4.57-m (180-in.) Shuttle cargo bay (dynamic envelope to 
compensate for upper stage vehicle load alleviation motions. The remainder of 
the stowed elements must then be fitted inside or forward of the feed panels. 
This results in limiting the thickness of the UHF feed panel to 25 cm which in 
turn impacts the selection and the design of the feed elements. Also limited 
by the stowage constraint is the cross-sectional size ot the L-shaped boom 
supporting the UHF reflector. For a triangular cross section, the sides of 
the triangle must be confined to 2.41 m (95 in.) which may result in a low- 
frequency boom and influence the selection of a control subsystem. Figure 
3-49(b) shows the stowed configuration in the axial direction. The elbow in 
the large L-shaped boom is straightened out and the entire boom collapses into 
a canister. The large UHF wrap-rib reflector is wrapped in a compact disk as 
shown at the right handside of Fig. 3-49(b). 

Figure 3-50 illustrates the stowage of the two solar panels and Fiq. 3-51 shows 
the same ?«r 3-band reflector and S-band feed. 
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Figure 3-49 


MSAT in Stowed Configuration 
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Figure 3-51. S-Band Antenna 


and the Solar Arrays in Stowed Configuration 
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3.16 LAUNCH CONSIDERATIONS 


One of the self-imposed constraints in this conceptual design of the MSAT 
has been that the entire spacecraft should be placed in orbit using a single 
Space Shuttle Vehicle { SSV ) launch. This naturally imposes limits on the 
volume and the weight of the spacecraft. In order to better understand 
these limitations, first, a short and somewhat simplified explanation of the 
process of placing a payload into geosynchronous orbit is presented. Next, 
some approximate relationships between the spacecraft on-orbit weight and 
the SSV payload-to-orbit weight are developed. These relationships are 
then used to determine the general characteri sties of the upper stage(s) 
needed for MSAT. Additionally, the constraints on the volume and mass 
distribution of the stowed spacecraft as imposed by the SSV and the upper 
stage vehicle are briefly addressed. This should provide some insight as to 
the requirements for the upper stage(s) needed for MSAT. 

The Launching Process 

In order to place a spacecraft into the geostationary Earth orbit (GEO) the 
spacecraft is first launched by the SSV into a nominal 273 km (173 mi) 
circular parking orbit. This parking orbit is normally referred to as low 
Earth orbit (LEO). The parking orbit is inclined with respect to the equator 
and generally the inclination ingle is the same as the latitude of the launch 
site. Thus, for payloads launched due east from Cape Kennedy, this inclination 
is roughly 28.5 degrees. In the case of the MSAT, it is envisioned that the 
spacecraft and the upper stage(s) will be lifted to LEO via the SSV. After 
deployment from the Shuttle orbiter in LEO, two propulsive boost phases are 
required to place the spacecraft in geosynchronous orbit. The first propulsive 
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boost phase occurs near the equatorial crossing of the LEO and includes a 
plane change of approximately 2 degrees. This now places the vehicle into a 
highly elliptical orbit and usually remains in this orbit for several revolu- 
tions. Near apogee of the elliptical orbit, a second propulsive boost phase 
occurs to circularize the orbit, make the additional plane change of approxi- 
mately 26.5 degrees, and achieve the geosynchronous orbit velocity required. 

The upper stage required to accomplish the first boost phase, i.e., to take 
the spacecraft from the parking orbit to the geosynchronous transfer orbit, 
is normally referred to as the Perigee Kick Motor (PKM). The second boost 
phase needed for the plane change, and achieving the geosynchronous circular 
orbit velocity, is accomplished by an Apogee Kick Motor (AKM). The PKM and 
AKM could be two completely separate systems. An example would be the Sp*n 
Stablished Upper Stage (SSUS-A) which is a PKM, and a Thiokol TE-364 which is 
an AKM. However, in some upper stages the PKM and AKM are consolidated into 
a single system and are represented by the two stages of the same vehicle. 

The two-stage 000 Inertial Upper Stage (IUS) is one such example. In this 
case, the first stage functions as the PKM, and the second stage functions as 
the AKM. Yet a different tyoe of vehicle, such as the proposed wide-body 
Centaur for the Shuttle, is a single upper stage capable of multiple burns so 
that with two burns the maneuvers associated with PKM and AKM can be accom- 
plished. The propellant for the AKM and PKM may be solid or liquid. For 
example, the IUS uses solid propellants for both of its stages. On the other 
hand, the wide-body Centaur uses liquid hydrogen and liquid oxygen propellants. 

It must be noted that the PKM, AKM, and the spacecraft taken together con- 
stitute the payload for the Shuttle. The AKM and the spacecraft represent the 
payload for the PKM; the spacecraft constitutes the payload for the AKM. 
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In order to determine the maximum allowable weight for MSAT, a closer look at 
each of the two previously mentioned maneuvers is necessary. The velocity of 
a body in a circular orbit is given by: 


V c = /JL 
c r 


(3-19) 


where v is the Earth's gravitational constant and is equal to 398,603 km^/s^, 
and r is the radius of the orbit. For the parking orbit discussed in this 
section, r is the sum of the radius of the Earth and the LEO altitude and is 
roughly equal to 6,656 km. Thus using Eq. (3-19), the orbital velocity for LEO 
is found to be 7.73 km/s. Similarly, for an elliptical orbit, the velocity 
at any point in the orbit is given by: 




(3-20) 


where a is the orbit semi-major axis, and r is the distance from the center of 
the Earth to any point in the orbit for which the velocity is being calculated. 
For the LEO-to-GEO transfer orbit discussed earlier, V p = 10.16 km/s and 
V a = 1.61 km/s, where V a and V p are the velocities at the perigee and apogee 
points of the orbit, respectively. For a coplarar tangential (Hohmann) transfer, 
the PKM injects its payload from the parking orbit into the transfer orbit by 
providing a velocity change, 


A VpKH = V p - V|_£q = 10.16- 7.73 = 2’. 43 km/s 


(3-21) 


where Yleq is the circular orbital velocity in the LEO parking orbit and V p is 
tne perigee velocity of the transfer orbit. Note that for this example, LEO 
and the transfer orbit are assumed in the same plane, so that no plane change 
is made during the first propulsive boost phase. 
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The AKM on the other hand, which places its payload, i.e., the spacecraft, into 
geosynchronous orbit, must provide a plane change in addition to a velocity 
boost. The aV which must be provided by the AKM is given by the law of cosines 
as: 

aV AKM = / V GE0 a GEO a (3-22) 

where Vq E q 1s The required circular orbital velocity at GEO as obtained from 
Eq. (3-19), V a is the velocity of the spacecraft at the apogee of the transfer 
orbit, and is the inclination angle between the transfer orbit and the equator. 
From the previous discussion, we have for the AKM velocity increment: 

aV AKM = f 3 - 07 ) 2 + C1.61) 2 - 2 (3.07 ) (1 .61 ) Cos(28.5°) = 1.813 km/s. (3-23) 

Weight Constraints 

With the above backgrounds, the maximum allowable weight of the spacecraft for 
a single Shuttle launch is now estimated. Let the mass of the spacecraft at 
the beginning of its life be denoted by M$£. Using Eq. (3-18) from Section 
3.14 we have 


where 


M p = M SC 


1- .la 


AV 


PKM 


+ AV 


AKM 


ct = e 


^P ' 9 


-1 


(3-24) 


(3-25) 


and Mp is the combined propellant mass for the AKM and PKM. 
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Assuming the weight of the tankage, thrusters, adapters, etc., for both the 
AKM and PKM, to be 10 perc ,:t of the weight of their combined propellant, it 
can be written 


M' = M p + 0.1 M p + M$c (3-26) 

where M 1 is the weight of the Shuttle integrated payload, i.e., the weight of 
AkM, PKM and the spacecraft. Using Eqs. (3-24) and (3-26) results in 

M $c = M' . 1- Jot (3-27) 

1 + a 

The maximum Shuttle payload capability is 29,545 kg (65,000 lb). The Shuttle 
payload to LEO capability of 65,000 lb includes: 

a) Spacecraft; 

b) AKM and PKM kick stage(s); 

c) Spacecraft Airborne Support Equipment (ASF.); and 

d) AKM and PKM ASE and interface with the Shuttle equipment. 

Consequently, it is assumed that 25,000 kg or (55,000 lb) is available for the 
payload (i.e., AKM, PKM, and the spacecraft), and Eq. (3-27) can be used to 
calculate M$q as a function of the propellant I$p. This is shown in Fig. 3-52.* 


* Due to the various simplifying assumptions made, the result depicted in this 
figure should be considered as an approximation. Checked against some data for 
existing upper stages indicate that Fig. 3-52 may De pessimistic with accuracy 
in the range of 15 percent. 
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S/C ON ORBIT 4 WfcIGHT AT BOL (tbc) 




This figure points out, ^or example, that theoretically with an I$p of 300 s 
which is representative of solid propellants, an upper stage can be designed 
to deliver a spacecraft of roughly 2,750 kg (6,050 lb) to geosynchronous 
orbit. Clearly, an upper stage with a higher I sp is needed for the MSAT. 
Assuming an I sp of 450 s, which can be achieved witn liquid hydrogen pi us 
oxygen propellants, a spacecraft of roughly 5,100 kg (11,220 lb) can be 
placed into geosynchronous orbit. The proposed wide-body multiple-burn Centaur 
represents an upper stage in this class. 

The Shuttle/Centaur upper stage is being evaluated by NASA as an alternative 
to the DOD two-stage I US . Centaur is a cryogenic vehicle utilizing * 

hydrogen and liquid oxygen propellants. The length of this stage arie 
depending on its weight capability. One version considered for laun > ng 
NASA's Galileo spacecraft has a length of roughl" 8.84 m (29 ft), and a 
diameter of approximately 4.33 m (14.2 ft). The term 'wide-body' is used to 
distinguish this version of the Centaur from the standard stage currently used 
on A1 tas-Centaur expendable launch vehicles. If developed, the wide-body 
Centaur would have the capability of launching MSAT into GEO. 

The 00D two-stage IUS which has the current capability of placing a 2,270 kg 
(5,000 lb) spacecraft into GEO is not powerful enougu for- MSAT. However, some 
talk exists of extending the capability of the IUS to almost twice its present 
value. 

Volume Constraint 

In addition to the weight limitation, the Shuttle's volume constraint also 
bounds the maximum size of the spacecraft to be launched. The Shuttle's cargo 
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bay lepresents a cylindrical space with a maximum diameter of 4.57 m {15 ft) 
and a maximum length of 18.3 m (60 ft or 720 in.). In the example given above, 
the length of the wide-body Centaur upper stage is 8.84 m (29 ft or 348 in.). 
Clearly then, a spacecraft launched by this upper stage not only should have 
a maximum weight which is compatible with the Centaur capability, but, in 
addition, its total stowed length should not exceed 9.46 m {31 ft or 372 in.). 
Allowing some room for clearance, it is likely that the actual available space 
for the stowed spacecraft be no more than half the Shuttle cargo bay, i.e., 

9.15 m (30 ft or 360 in.). 

The present design of MSAT results in an overall stowed length of 11.7 m 
(38.3 ft or 460 in.) and with some modification to the L-shaped deployable 
reflector support boom, it can be further reduced to 10.56 m (34.6 ft or 
416 in.). However, the present design is far from being optimized and while 
the stowage appears to be challenging it does not appear to be impossible. 

But, in terms of launching MSAT, the importance of an upper stage development 
cannot be overstated. 

Mass Distribution 

The Shuttle payload must have a Center-of-Gravity (CG) point which is confined 
to a prescribed envelope. If due to configurational constraints r>f either the 
stowed MSAT or that of the upper stage vehicles, the resultant CG for the 
integrated Shuttle orbiter payload falls outside the allowed envelope, then a 
ballast may be required. Tie added eight of the ballast will further limit 
the maximum allowable weight for MSAT. 
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Chapter 4 

The Ground Segment 



4. THE GROUND SEGMENT 


The LMSS ground segment consists of two types of terminals, mobile and fixed. 
The fixed terminals, along with the other equipment located at the LMSS base 
stations, serve as the interface between the LMSS and the wireline networks. 

The design presented in this document assumes 25 such base stations. On the 
other hand, mobile terminals which are located in the subscribers' vehicles are 
numbered in hundreds of thousands and provide the means of a user's access to 
the satellite network. The purpose of this chapter is to discuss the salient 
features of these two components of the LMSS ground segment. 

Section 4.1 briefly discusses the base stations. Since these stations are 
expected to be quite similar, both in function and hardware makeup, to those 
of the terrestrial cellular system, this document does not discuss them in 
deta i 1 . 

The mobile terminals can be viewed as being composed of two components, the 
transceiver and the antenna. Modulation is an important consideration 
affecting the makeup of the mobile transceiver, factors surrounding selection 
of a modulation scheme for the LMSS are presented in Section 4.2.1. The mobile 
vehicle antenna, which with its attendant "’echanieal and electrical require- 
ments pose a challenging problem to the LMSS designers, is covered in Section 
4.2.2. 
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4.1 BASE STATIONS 

LMSS base stations provide call routing, make channel assignment, initiate 
paging and in general, help monitor and control the LMSS network. Addition- 
ally, they serve as the interface between the satellite system and the wire- 
line network. 

The base stations proposed for the conceptual design presented in this docu- 
ment, use 3-m S-band reflector antennas to communicate with MSAT, with the 
uplink and downlink being over two 35 MHz bands. Since the base station uses 
the same antenna for both transmitting and receiving, diplexers are required. 
It is desirable to limit the diplexer and cable losses to approximately 1 dB. 
The receiver noise figure for the present design is assuned to be 2 dB. 

The power required per channel is 26 mW with the total required transmitter 
power of approximately 10 W {for a total of 380 channels). These power 
estimates include a 4-dB power saving afforded by the use of Voice Operated 
Switching (VOX). 

The switching and control equipment necessary at the LMSS base stations have 
not been studied. However, it is expected that they will be quite similar to 
the cellular system equipment [1]. 
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4.2 MOBILE EQUIPMENT 


Communication satellites, in one sense, can be grouped into two categories. 
The first category, which includes most of the present day satellites, com- 
municate with fairly powerful ground stations having large antennas and 
complex receivers. This then permits the satellite antenna to be relativel j 
unsophisticated. The geographically dispersed users for this class of 
satellite are connected, via terrestrial means, to the ground stations where- 
upon the channels are trunked and relayed to the satellite. 4 classical 
example of this class of satellite is the INTELSAT series. 

The second category of communication satellites, which will flourish in the 
next two decades, and of which MSAT is an example, are satellites that 
provide service directly to the user's premise. Here, hundreds of thousands 
of users directly access the satellite through inexpensive transceivers and 
small antennas mounted on their rooftops or car tops. The economics of 
providing direct-to-the-user service dictate the user's equipment, which is 
produced in quantities of hundreds of thousands, to be inexpensive. 

MSAT provides direct-to-the-user service and as such must communicate with 
small mobile antennas and a fairly simple transceiver. This then establishes 
the first constraint in designing the mobile equipment for MSAT. The second 
constraint on mobile equipment is imposed by the likelihood of integrating 
the satellite and the terrestrial motile systems. In the future, 
integration of the LMSS with the terrestrial cellular system will 3llow for 
a truly ubiquitous mobile radio service. Anticipating such m integration, 
the technical parameters for LMSS mobile terminals should be selected in 
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such a manner so as to allow a subscriber to use the same set of equipment 
for both the terrestrial and the satellite systems. For this reason, it is 
strongly desired that the LMSS mobile equipment be compatible with the planned 
cellular mobile telephone system as typified by Bell System's Advanced Mobile 
Telephone Service (AMPS). 

Since the modulation scheme has a strong impact or. the makeup of the mobile 
transceiver. Section 4.2.1 discusses the rationale for selecting the modula- 
tion scheme for MSAT. Another important aspecv mobile transceiver namely 
its transmitter power requirement (*2.5 W) has already been discussed in 
Section 3.9, Table 3-10. 

Tne mobile antenna must be small and because the mobile may constantly roam 
within the coverage area, the antenna must be omnidirectional in azimuth ana 
may have only a marginal gain in the elevation. Furthermore, it is desirable 
to use the same set of mobile antennas throughout the coverage area. Some 
options for the mobile antenna are presented in Section 4.2.2. 

4.2.1 Selection of Voice Link Modulation 

Any system that involves the transmission of voice signals must contend with 
a wide range of differing inputs, i.e., the highly variable nature of the 
speaking population. The voice dynamic range of a given speaker when engaged 
in telephonic communication is typically 20 dB, while the dynamic range over 
the total population of speakers, from the softest to the loudest is some 
30 dB. Thus, the voice link must be able to efficiently accommodate an overall 
input dynamic range of 50 dB. 
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A second very important consideration is the quality of the speech reproduced 
at the output cf the transmission system. Significant measures in this regard 
are articulation or intelligibility, signal -to- noise ratio (SNR), crosstalk, 
and speaker identification. Generally, the voice quality from the LMSS should 
be roughly on a par with that considered acceptable for the present day toll 
service. 

From the communication engineer's perspective, nothing could be less desirable 
than the aforementioned characteristics. Beset by pragmatic matters, such as 
available transmitter power constraints, channel bandwidth limitations, and 
system design dictums such as "maximize the number of channels," "be com- 
patible with interfacing and tandem systems," and "let's use the most ,anced 
techniques available," the task of specifying a modulation system for the LMSS 
bev.omes arduous. 

However, the most binding constraint on the selection of a modulation scheme 
for the LMSS is the desire to insure that the mobile transceiver used in the 
Land Mobile Satellite System does not significantly differ from the equipment 
used in the terrestrial cellular mobile system as typified by Bell System's 
Advanced Mobile Phone Service (AMPS). This compatibility requirement is 
desirable so :hat the equipment already under development for the cellular 
system can be used, with some modifications, for the LMSS, thus reducing the 
cost of a user which subscribes to both services. 

It is within this framework that the selection of a baseline modulation 
technique for the LMSS is summarized. Tradeoffs and alternatives are out- 
lined, and possible future options are discussed. 
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Digital Modulation 


The heart of the modulation tradeoffs involves the issue of whether digital or 
analog methods should be used. For a digital system, the voice signal, which 
is inherently analog at its source, must oe digitized in some fashion. Because 
of a total UHF RF band limitation of 10 MH 2 , it is decided that the bandwidth 
of each individual voice channel, irrespective of modulation form, should not, 
at the very most, exceed 30 KHz. Thus, the maximum bit rate which can be 
accommodated using Quadrature Phase-Shift Keying (QPSK) of the carrier is on 
the order 0 .' 32 Kbps. A speech encoding technique capable of this bit rate is 
Adapative Delta Modulation (ADM). However, system output speech quality is 
considerably below toll -grade transmission,* and the resulting overall capacity 
of the LMSS is considered marginal due to the required 30 KHz channel band- 
wi dth . 

In addition to ADM, other digital speech encoding algorithms, such as Adaptive 
Predictive Coding (APC) and Linear Predictive Coefficient (LPC) vocoding, are 
potential candidates. These methods have the potential for reducing the bit 
rate to as little as 2.4 Kbps (thus permitting channel bandwidths as small as 
perhaps 4 KHz); however, their relatively large encoder hardware complexity, 
plus their synthetic quality voice reproduction, presently make them 
undesirable. 


* Throughout the tradeoff activity leading to the baseline LMSS design and per- 
formance specifications, the issue as to whether the LMSS should provide toll- 
grade quality was addressed. After much study, it was concluded that a system 
capable of somewhat less than toll-grade service will be necessary if an 
acceptable system capacity is to be obtained considering all constraints imposed. 
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Apart from the speech encoding problem, a digital modulation system also 
involves the need for synchronization which fosters a moderately complex 
mobile receiver design. Taking the speech encoding and digital synchroniza- 
tion issues together, it was decided that digital modulation results in mobile 
equipment which does not comply with the self-imposed system requirement of 
remaining rnmp~*-;^] e w -jth the cellular mobile system. However, because of the 
rapidly falling cost of LSI circuitry digital modulation will continue to 
be an attractive option for systems proposed for the 1990s. Its use for the 
LMSS baseline design, however, was precluded mainly due to the compatibility 
issue. 


Analog Modulation 

Turning now to analog modulation forms, only two generic types of modulation 
have been seriously considered for the LMSS; Narrowband Frequency Modulation 
(NBFM) and Single Sideband (SSB) modulation. SSB modulation has the dist. net 
property that the required RF bandwidth need not be much larger than the 
highest effective frequency of the speech signal. Typically 4-5 KHz channels 
will suffice. On the other hand, conventional NBFM requires 25-30 KHz 
channel s. 

SSB modulation, as applied to the LMSS, would operate with a suppressed carrier 
in order to achieve high transmitter power utilization efficiency and preclude 
carrier intermodulation terms. As a result, very accurate and highly stable 
carrier frequencies are needed so that the frequency difference between the 
received signal and receiver's estimate of the proper carrier frequency is 
less than 35 Hz. This is essential if good reproduced speech intelligibility 
and naturalness are to be obtained. For the UHF 8CC mHz band, this require- 
ment can only be met through the use of an AFC pilot and an oven-stabilized 
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crystal oscillator within the mobile transceiver. Contrastingly, the use of 
NBFM can operate with frequency errors as large as several KHz, thereby 
significantly reducing the frequency tolerance requirements of an NBFM system 
relative to the use of SS5 moaulation NBFM mobile transceivers need only 
relatively simple temperature compensated crystal oscillators. 

From a link design point of view, the performance of NBFM and SSB can effec- 
tively be made equivalent when a form of speech signal ccmpanding known as 
envelope normalization is employed. This will be discussed subsequently. 

Bell System's Advanced Mobile Phone Service (AMPS), an experimental urban 
cellular mobile telephone system, operating in the 800 MHz band, makes use J 
NBFM. It is fair to state that a strong compelling reason for NBFM being 
selected as the modulation technique for the baseline LMSS is the desire to 
be "compatible" with AMPS. The basic reasoning is that because both AMPS and 
LMSS operate in the same RF band, AMPS serving urban environments, while LMSS 
covers suburban/rural /remote areas, a subscriber could obtain complete CONUS 
coverage with a universal set of mobile equipment. Thus, the LMSS baseline 
system will use NBFM, but not identical to the AMPS, as will now be outlined. 

In the introductory paragraph, it was stated that the dynamic range of the 
speaking population is on the order of 50 dB. Reduction of this range by 
means of electrical signal processing is necessary if an efficient communica- 
tion system : s to result. The im.;hod used is known by the ter..; compandor 
(contraction of the words compressor and expandor). The principle involves 
compression (or reduction) of the speech signal dynamic range at the trans- 
mitter prior to modulation, and a corresponding expansion of the received 
signal prior to listening reproduction. Ideally, the companding operation 
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is transparent, so that a listener will not perceive that modification of 
the speaker's signal has occurred. 

Apart from reducing the speech dynamic range, companding produces other 
tangible benefits. First, the weak speech segments or syllables are critical 
to good articulation. Compression acts to amplify these segments, with the 
result that the weak syllable SNR, and therefore intelligibility, is increased 
relative to a system that does not make use of companding. Secorily, the 
expansion process acts as a noise and crosstalk suppressor between utterances 
and •'uring speech pauses. Consequently, there is a large subjective SNR 
improvement apparent to the listener, and less distraction and annoyance from 
cochannel signals (arising from frequency reuse). 

The AMPS system uses a form of compression which halves (in dB) the speech 
dynamic range (2:1 compression). Usinq this compression technique, channels 
with a bandwidth of 30 KHz are required. However, it seems unlikely that 
by the mid-1990s any band-limited system would be so wasteful as to use 
30 KHz voice channels. Therefore, an LMSS operating in the 90s should be 
designed, not to be compatible with today’s cellular system, but rather w-th 
the cellular system expected to be operating in that time period. Accordingly, 
the LMSS conceptual design presented in this document assumes 15 KHz channel 
bandwidth. 

To limit the channel bandwidth to 15 KHz, a different compression algorithm 
must be used. The proposed compression algorithm for the LMSS reduces the 
speech dynamic range to 0 dB. Known as envelope normal ization (EN), the 
operation involves dividing the speech waveform by its own exact envelope 
then frequency modulates the transmitter in the most optimum manner possible. 
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The result from a total system perspective Is a 1 form received voice SNR for 
all speakers, and a reduction of the required 3' * v- channel spacing for AMPS 
to a 15 KHz channel spacing for LMSS. With the EN approach, ic is necessary 
to transmit the speech envelope modulated onto a pilot o. bcarrier placed 
above the speech band in order to effect the expansion process within tr.e 
receiver. 

Table 4-1 presents speech and modulation performance parameters for the base- 
line LMSS NBFM system. Also shown for comparison are the parameters that 
would have resulted for the LMSS system had either the AMPS companding and 
modulation characteristics cr SSB been use-J. 

As can be seen, the LMSS EN systems, based on EN NBFM o'* 2:1 compression NBFM, 
differ only in the companding algorith r , and the resulting peak deviation, 
channel bandwidth, and transmitter power. The cellular mobile equipment 
therefore must be somewhat modified for use in the LMSS However, the modi- 
fication is not as extensive as that required had a drastically different 
scheme, such as digital modulation, been selected. 

Voice Operated Switch (VOX) 

A final consideration is given to the use of VOX (voice operated transmission) 
to minimize the prime power and transmitter size for the spacecraft to mobile 
link. A well known characteristic of conversational speech is that the inter- 
word, short-pause, and listening intervals amount to about 60 percent of the 
running speech pattern. Since it is considered wasteful to transmit a carrier 
wave during silence periods, the speech bearing component of the signal (and 
its associated power) should correspondingly be suppressed. The average 
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Table 4-1. Modulation and Performance rameters for 
Three Modulation Techniques 



LMSS 

(Using EN NBFM) 

Option 1 
(Using SSB) 

1 

Option 2 

(Using NBFM Similar 
to AMPS) 

Companded Soeech 
Parameters 




Compandor 

EN 

EN 

2:1 

Speaking Population 
Compressed Dynamic 
Range 

0 dB 

0 dB 

25 dB 

Modulation Parameters 




Transmitter Peak 
Deviation 

2.1 KHz 

— 

12 KHz 

Channel Bandwidth 

15 KHz 

4 KHz 

30 KHz 

! 

Pre-er»phasis 

6 dB/Oct. 

6 dB/Oct. 

6 dB/Oct. 

Relative Transmitter 
Power 

P 

0.84 P 

2.2 P 

Received Speech 
Parameters 




Minimum Link 
Voice RMS SNR 

22 dB 

22 dB 

23.3 d3 

Minimum Link 
Weak Syllable SNR 

22 dB 

22 dB 

18.3 dB 

Subjective Voice 
SNR Improvement 

10-15 d& 

10-15 dE 

5- ’2 dB 

Intel 1 igibil ity 

9 r -98 percent 

90 percent 

90 percent 
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transmitter power is thereby reduced by a factor of o.4 (-4 dB). 

With a VOXed signal, provision must be made within the receiver to squelch 
the increased noise level presented to the listener due to the sudden loss of 
the irout speech carrier. Conventional squelch methocis are ineffective, and 
the necessary control ran only be effected through the use of envelope modu- 
lated pilot, mentioned earlier. With SSB modulation, the entire VOX process is 
naturally and easily implemented (especially with EN) since the transmitted 
power is directly proportional to the speech and pilot signal components. 

With NBFM, the realization of VOX is not so simple since normally the trans- 
mitter power is independent of the modulation. Thus, it is necessary to detect 
the speech silence intervals (an inherent feature of the EN process) and 
synonymously switch off the carrier. The pilot in this case will consequently 
have to be a separate low-power carrier, since the control signal must be 
present at all times. 

4.2.2. M obile Vehicle Antenna 

Based on the current LMSS design, the ground mobile vehicle antennas must meet 
the fol 1 owing ’’equirements: 

1 ) Low cost; 

2) Reasonably conformal to or easily stowable in the vehic’zs; 

3) Circularly polarized; 

4) Transmitting at 821-831 MHz band, and receiving at 866-876 MHz band; 

5) Omnidirectional pattern in azimuthal plane; and 

6) A minimum of 3 dB gain in the angular region from 19 degrees to 60 
degrees from the horizon in elevation plane. 
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This angular region of coverage is determined by assuming that MSAT will be 
located at 110° VI. longitude. The minimum and maximum elevation angles to 
the satellite from a vehicle roaming in CONUS will then be 22 degrees and 57 
degrees, respectively, corresponding to sites in the southern and northern 
parts of CONUS. Allowing a possible vehicle tilt of +3 degrees from the zenith 
due to road conditions, the antenna would thus be required to cover the angular 
region as stated in (6) above. 

Three classes of antennas are currently under various stages of development. 
These are: 1) the crossed-arooping dipole design, 2 ) the quadrifilar helix 
design, and 3) the microstrip patch design, to be described in the following 
sections. 

1 ) Crossed-Drooping Dipole Design 

This design consists of two identical dipoles crossed orthogonally at their 
centers. The dipoles are drooping downward to increase radiation at low 
elevation angles. Figure 4-1 shows two variations of the design. The inverted 
"U" type provides a somewhat better RF performance, whereas the inverted 'V 
type has a somewnat simpler mechanical structure. Computer programs, based on 
the Moments Method Analysis, have been developed to facilitate the design of 
the antenna. Calculated results show that this design can meet the LMSS 
coverage requirements by adjusting the radiation pattern in the elevation plane 
to two or more different positions. This pattern adjustment can easily be done 
by varying the separation (height) of the radiating elements from the ground 
plane (which would be the top of the vehicle). Figure 4-2 shows one design of 
the antenna. The elevation patterns "A" and "B" are obtained by setting the 
elements at two different heights from the ground plane. By using pattern "A ; ‘ 
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Figure 4-1. Variations of Crossed-Drooping Dipole Design 
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Figure 4-2. Calculated Performance - Crossed Drooping Dipole Design, 
Inserted "U" Type 
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for coverage above 45 degrees and pattern "B 11 below 45 degrees, a r»ain of 5 
to 3.5 dBi and an ellipticity of 0.6 to 4 dB can be obtained in the angular 
coverage region of the LMSS. Calculations also show that the antenna has good 
omnidirectional azimuthal pattern (amplitude variation within +0.1 dB), and 
relatively broaJ impedance bandwidth (7.2 percent for VSWR 1.75:1). Since the 
losses in the feed structure of this type of antenna are relatively low, this 
design should have no problem in meeting the current LMSS requirements. A 
breadboard of this design will be fabricated and tested to demonstrate its 
utility tc the LMSS. 

2) Quadri filar He li x Design 

This design consists of four identical helices wound equally spaced on a 
cylindrical surface. The helices are fed with signals equal in amplitude and 
0 degrees, 90 degrees, 180 degrees, 270 degrees in relative phase. A bread- 
board of this design has been constructed according to Ref. 2, and is shown 
in Fig. <-3. Measured results show that the antenna provides good omni- 
directional azimuthal oattern and a relatively high directivity elevation 
pattern close to horizon, with excellent ellipticity. Figure 4-4 shows the 
measured circularly-polarized pattern and the corresponding ellipticity 
pattern obtained by the spinning horn technique. At 845 MHz, the pattern peak 
is 28 degrees from the horizon with a pattern directivity of 6.2 dBi. The 
ellipticity is about 1.5 dB or less everywhere except in the regions near 
the zenith and next to the horizon. The measured gain is 3.8 dBi at the 
pattern peak. By reducing losses ol the present model, it is expected that 
the gain can approach 5 dBi. Based on indications of initial measurements, 
the impedance bandwidth of the antenna meets the LMSS requirement. 
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figure 4-3. Quadrifilar Helix Design 






Figure 4-4. Measured Performance - Quadrifilar Helix Design 


The location of the pattern peak and the beamwidth In the elevation plane are 
determined by the diameter, pitch distance, and number of turns of the helices. 

To satisfy the LMSS requirements, however, techniques to adjust the elevation 
pattern without using separate antennas should be developed. 

3) Microstrip Patch Design 

One approach to higher antenna gain near the horizon is to stack radiating 
elements In the form of a vertical array. Microstrip patch type radiators 
are good candidates to form such an array in that they are small in size and 
relatively low cost. A prototype radiating element using microstrip patches 
has been constructed, as shown in Fig. 4-5. The radiator consists of a 
vertically-polarized subelement and an overlapping horizontally-polarized sub- 
element, combined to yield a circularly-polarized element, as shown in Fig. 4-6. 
The inner element may be thought of as a vertically-polarized, half-wave 
resonant microstrip patch radiator composed of a copper foil conductor wrapped 
around (360 degrees) a dielectric tube which, in turn, is coaxial with a ground 
cylinder. The outer element Is a horizontally-polarized, half-wave microstrip 
patch radiator composed of a copper foil conductor of peculiar shape wrapped 
one and one-half times around a dielectric tube which, in turn, is coaxial with 
the Inner radiator. 

Preliminary measurements on this prototype show an impedance bandwidth of 
948.27 MHz to 958.08 MHz (VSWR 2:1 or better). At 956 MHz, the gain at broad- 
side Is approximately 0 dBi and the azimuthal radiation pattern at 15 degrees 
from broadside varies +0.55 dB. The crcss-polarized component is 15 dB (or more) 
down from the peak of the co-pol ari zed component at angles between 0 degrees 
(broadside) and +20 degrees. 
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The impedance bandwidth of this element should be increased to include both 
the transmit and receive frequency bands. A dual-resonance technique, which 
has been used on planar microstrip radiators, seems applicable to the element 
described above. Furthermore, a complete array should be breadboarded to 
demonstrate gain and scar, capabil if'es for LMSS applications. 
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Chapter 5 
The Technology 



5. THE TECHNOLOGY 


The purpose of this chapter is to amplify the technology development, needed 
to support the conceptual design presented in Chapter 3. The most imposing 
feature of MSAT is its large UHF antenna which also offers the most technolog- 
ical challenge. Accordingly, this chapter addressed only those R&D activities 
connected to RF, control, and structure of the UHF antenna. 

Section 5.1 considers the antenna RF activities and briefly describes two 
studies related to the reflector surface tolerance and the microstrip feed 
technology. Section 5.2 reviews the software and hardware needed to implement 
the attitude control conceptual design proposed in Chapter 3. Section 5.3 
discusses antenna structure development for the reflector and the deployable 
supporting mast. Finally, Section 5.4 addresses UHF feed located electronics. 
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5.1 SATELLITE ANTENNA - RF CONSIDERATIONS 


HSAT represents a significant step forward in the technology requirements for 
a large, complex UHF multi beam antenna with the antenna feed probably being 
the most difficult aspect of the design. The baseline approach given in 
Chapter 3 is a heavy, complex feed and beam forming network and significant 
testing will be required to demonstrate its feasibility. Since the feed 
represents the major technological challenge, a considerable amount of work 
is being done to thoroughly evaluate the microstrip radiator, identify the 
potential problems and propose possible solutions. In addition to the 
microstrip radiator, other feed candidates are being evaluated. Section 5.1.1 
describes further the work being done. 

Another important technology area to be examined when using such a physically 
large antenna for a multiple beam system is the effects of the surface 
tolerances on isolation performance and the potential need for active surface 
correction. Some preliminary results are described in Section 5.1.2. 

The main complexity in the feed and BFN design comes from the necessity to 
provide the required beam isolation level with a single, offset reflector 
system. Also, due to the long focal length necessary to achieve the 
acceptable lateral scan characteristics, the feed is very large 
(approximately 6.9 by 11.4 m in the baseline design). A dual reflector 
concept is being examined which offers the possioility of significantly 
reducing the size of the feed (factor of 5) and eliminating the need for 
overlapping cluster feeds. 

This is accomplished by synthesizing a design which uses a single small feed 
(one wavelength diameter) and reflector shaping to achieve the low sidelobes 
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required for the beam isolation. This would greatly simplify both the feed 
and the BFN. Some early results of this study are presented in Appendix B. 

5.1.1 Feed Study 

The microstrip antenna [Refs. 1» 2] currently being chosen, is the most 
promising candidate feed element for the MSAT reflector primarily due to 
the fact that it is thin, generally lightweight, and thus easier to be stored 
into the Shuttle. 

Several other candidates are also being considered as alternate feed designs. 
First, the cross-dipole or printed microstrip cross-dipole can generate 
circular polarization with wider bandwidth and possibly lower cross-pol . 

Higher directivity can be achieved by employing the cross-dipole in cavity 
backfire mode. Two apparent drawbacks associated with these elements 
are that the radiating e 1 ement has to be raised approximately a quarter 
wavelength above the ground plane instead of the 0.05 wavelength currently 
being designed for the microstrip patch, and that more complex or heavier feed 
lines have to be used. 

Second, the end-fire cigar antenna is currently being investigated at JPL 
as a candidate feed. It is found that, when in the array environment, the 
cigar has a large mutual coupling effect which reduces the element gain to an 
unacceptable level. 

The end-fire thin wire antennas, such as the yagi array or the helix, are 
possible candidates also. These elements may overcome the nutual coupling 
difficulties encountered in the cigar antenna and will be examined in the 
future. Since none of the above described elements have been used for a 
multiple beam frequency reuse spacecraft antenna design, significant test 
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data Is required to determine the problems that may be encountered in each 
design. The following describes the work in progress at JPL, to examine, in 
detail, the difficulties that may be encountered in using the microstrip 
antenna for the MSAT application. 

The microstrip antenna element can be constructed by ph'toetching, to form 
a thin patch radiator on top of a layer of dielectric substrate backed by 
thin conducting ground plane (see Fig. 5-1). In addition to the array elements, 
the feed transmission lines, power dividing circuits, etc., can also be 
etched on the same supporting substrate without adding any noticeable weight. 
Many different shapes, such as circular, rectangular, square, triangular, 
etc., have been used for the radiating patches. For the MSAT application, 
the square is chosen because it can generate circular polarization by dual 
feeds without sacrificing the already limited bandwidth. Square patches 
can be modeled mathematically by a simple technique so that analytical 
computation time will not increase substantial ly when interfaced with the 
reflector analysis program. 

A simple mathematical model [Ref. 3] is used in conjunction with the uniform 
Geometrical Theory of Diffraction (GTD) [Ref. 4] to calculate the radiation 
patterns. The GTD is employed to account for the finite ground plane edge 
diffractions so that more accurate results can be obtained. In addition, 
the technique of Modal Expansion [Ref. 5] is used to predict the resonant 
frequency, input impedance, bandwidth and radiation efficiency. Computer 
programs have been completed and experimentally validated for these 
mathematical models. For example. Fig. 5-2 shows the comparisons of 
theoretical predictions and measurements for both E- and H-plane radiation 
patterns of a microstrip antenna. Excellent agreement can be observed. A 
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Figure 5-1. Microstrip Antenna Configuration 
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MICROSTRIP H-PLANE 



Figure 5-2. E- and H-Plane Radiation Patterns of a Rectangular Micro- 
strip Antenna. Radiator Dimensions Are (See Fig. 5-2): 

A = 2.126 in., B = 1.488 in., e » 10.5 in., h = 14.0 in.. 
Substrate Thickness = 0.125 in.. Dielectric Constant = 2.55, 
and Operating Frequency = 2.295 GHz 
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computer program has also been completed for a planar microstrip array that 
generates both the co-pol and cross-pol radiation patterns with either 
circular or linear polarization. This array program is currently in the 
process of being validated experimentally. Some early measurements have 
indicated that the cross-pol component of a microstrip element can be 
reduced drastically in an a;r Uj environment (typically from -20 dB to -32 dB 
for linear polarization, and to -28 dB for the circular polarization in the 
main beam region). The reduction of cross-pol by arraying can be explained by 
the fact that a square microstrip radiator has a phase distribution such that 
the cross-pol always engages a null in the broadside direction. When this 
null region is multiplied by the array factor which has additional nulls not 
too far away from the broadside direction, the cross-pol level is then 
substantial ly reduced in the main beam region. This cross-pol reduction, if 
verified experimentally, can help a great deal in the beam isolation problem 
currently encountered by LMSS studies. 

A microstrip antenna, for its many advantages, does have its inherent 
problems. These problems and their possible solutions are discussed 
individually as follows: 

1) The impedance bandwidth is generally narrow (typically 3 percent). 
However, it can be widened by increasing the thickness of the 
dielectric substrate and/or by using a substrate material with lower 
dielectric constant. For MSAT, it is proposed to use a honeycomb 
structure with dielectric constant of less than 1.2 and thickness of 
approximately 1.78 cm (0.7 in.). This would provide the required 
structure strength, the bandwidth (about 7 percent), and very small 
substrate loss because of the large percentage of voids in the 
honeycomb. 


5-8 



2) Axial ratio bandwidth of a single feed circularly-polarized 
microstrip radiator is limited to less than 2 percent regardless 
of the substrate thickness or dielectric constant. The theory, 
however, has predicted that a dual -feed system can overcome such 
difficulty because it is less sensitive to the 90-degree phase 
differential required by the circular polarization. This prediction 
remains to be verified experimental ly. 

3) The cross-polarizat ion of a single microstrip antenna is known 

to be high (typically -15 dB to -20 dB from co-pol peak). As mentioned 
previously, this high level of cross-pol can be reduced in an array 
environment provided that the radiator is ideally fed, i.e. , without 
any leakage and surface wave radiated from the feed lines. Some of 
these leakages and surface waves, if generated, will contribute to 
the cross-pol which most likely cannot be reduced by arraying 
because the phases might not produce a null at the broadside direction. 
The amount of cross-pol radiation associated with the transmission 
line leakage and surface wave, currently, can only be determined 
experimentally. 

4) The power handling capability of a microstrip transmission line 
or antenna is generally low. Since the antenna will be in the near 
vacuum, there will be a problem with voltage breakdown. The voltage 
breakdown is primarily caused by the phenomenon known as multipacting 
[Ref. 6] which is generated by a rapid buildup of large electron 
density in the gap of two electrodes. This multipacting strength has 
been found to be directly proportional to the product of gap spacing and 
frequency of operation. Since the spacing between the microstrip and 
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its ground plane is relatively large in order to meet the bandwidth 
requirement, the power handling capacity is substantially above 
the currently intended power supply of less than 30 W for each of 
the cluster feed element. 

5) Mutual coupling usually degrades array performances. However, 
in the case of the microstrip array, the mutual coupling effects 
have not proven to be a major problem [Ref. 2]. In the case of MSAT, 
because of the large spacing between adjacent patches, which is 
required for the feed and power dividing circuits, the mutual coupling 
effect is even less. 

6) With the fixed aperture size of 2A by 2A given for each cluster 
element, a single microstrip patch, which has an aperture of less 
than 0.5 a by 0.5A, cannot yield the required beamwidth and 
directivity. However, it is found that a 2 by 2 microstrip array, 
with proper element spacing for lower grating lobe consideration, can 
meet the requirements to properly illuminate the reflector. 

5.1.2 Antenna Surface Tolerance Study 

Both systematic distortions and random irregularities in the reflector 
antenna surfaces can cause the antenna radiation patterns to be markedly 
different from those of perfectly smooth reflector surfaces. How different the 
patterns are depends on many factors such as the distribution, magnitude and 
shape of the irregularities, reflector illumination pattern, etc. In the past, 
the acceptable level of the rms surface errors has been determined based on 
tolerable gain loss. Ruze's classical paper [Ref. 7] provided a simple 
solution for determining the gain loss as a function of the surface rms error. 
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Recently, application of multiple beam satellite reflector antennas demands 
that an accurate estimate of the sidelobe levels should also be obtained in 
terms of surface errors. These estimates are very important in order to 
evaluate the isolation levels between multiple beams for a noninterfering 
multiple beam communication system. In this subsection, a summary of 
analytical and numerical methods, which have been developed to analyze both 
the systematic and random surface errors, is presented with some 
representative results. Systematic errors come from both thermal and dynamic 
effects. Thermal effects are relatively slowly-varying effects (quasi- 
static) and are due to the different angles of illumination of the sun 
on the reflector caused by diurnal and seasoned motions of the satellite. 
Dynamic effects can be rapid variations due to oscillations caused by 
the attitude control system used to point the antenna. Random errors, on 
the other hand, are introduced in the manufacture of the antenna. The overall 
distortion effects are due to the simultaneous sum of all the error sources. 

Systematic Distortions 

A mathematical model and an efficient numerical scheme have been developed 
based on the formulations reported in Ref. 8. This model allows the effects of 
systematic surface distortions to be studied, such as thermal distortions on 
the reflector's radiation pattern. The model uses the physical optics 
formulation in conjunction with the Jacobi-Bessel series for the efficient 
evaluation of the vector radiation integral for the induced current on the 
reflector surface. The reflector surface is described as the sum of the 
undistorted surface (for example, paraboloid) and the distorted surface. 

In many practical situations, the distorted surface cannot be described in a 
closed functional form. Rather, the surface may only be described at some 
discrete points. For example, a finite element model may be employed which 
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only gives the location of a distorted surface at certain discrete points. 

In order to study the radiation characteristics of these reflectors, the 
diffraction integral must be evaluated accurately and efficiently. This 
necessitates the accurate knowledge of in-between points and their normals, 
as the integration process proceeds. This can be achieved by using an 
interpolation technique. 

Surface Interpolations 

In general, there are two types of interpolation schemes which may be 
referred to as local or global. In the local interpolation, spline function 
patches are employed to interpolate between adjacent points with the requirement 
that both the function and a prescribed order derivative be continuous between 
adjacent patches. In the global scheme, the surface is typically described in 
terms of a 2-dimensional polynomial with unknown coefficients and then the co- 
efficients are determined using a least squares error algorithm or some 
other method. Both methods have their advantages and disadvantages. A new 
global interpolation scheme has been developed which not only is compatible 
with the local interpolation, but is also very efficient and accurate. The 
scheme uses orthogonal expansions in terms of the Fourier-Jacobi series, 
which is functionally very attractive for interpolating most antenna surfaces 
of practical interest. In this scheme, the unknown coefficients can be 
obtained by evaluating integrals for the expansion coefficients. It has been 
found th*t for a large class of reflector geometries only a few coefficients 
are needed to represent the surface and its normals. Once the coefficients are 
determined, they can be used very simply and efficiently for repeated 
evaluations of the diffraction integral, and for convenient and simple storage 
of the reflector shapes including the distortion. A general computer program 
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has been developed for the application of this method. Some additional work 
will be needed to integrate this scheme with the local spline interpolation 
method in order to have an efficient and complete package for interpolating 
any reflector surface shape. 

Numerical Results 

A few representative numerical results are presented here to demonstrate the 
effects of the systematic distortions on the reflector pattern. These results 
also exhibit the versatility of the computer programs. Systematic distortions 
which correspond to thermal-type distortions are considered. Based on the 
results from available finite element studies of the thermally distorted 
reflector surfaces, it has been found that this type of distortion is funccion- 
ally harmonic in the angular direction and of a polynomial type in the radial 
direction. Two examples with essentially the same functional distribution but 
different amplitudes are considered. For these cases, the results are shown 
in Figs. 5-3 and 5-4. It is observed in Fig. 5-3 that the effects are very 
minimal, whereas in Fig. 5-4, the effects are quite substantial. This, of 
course, indicates that the magnitude of the distortions determine the effects 
on RF performance. However, it shows that if the distortions are kept small 
enough, the effect on RF performance will be minimal. 

Random Irregularities 

The reflector pattern distortions can be approximately determined by studying 
the effect of its aperture phase errors. For random phase error, a statis- 
tical model was originally suggested by Ruze. His model was later advanced 
by Vu [Ref. 9], who allowed variable correlation intervals and standard 


5-13 



ORIGINAL PAGE 53 
OF POOR QUALITY 



0(deg) ; <t> = 0* 


Figure 5-3. 


Pattern Degradation Due to Thermal -Type Distortion With 
Small Amplitude /„\3 /„\3 


(Z 


'parabola 


0.0103 (-£•) + 0.0044 cos 2<f>) 


5-14 




MAG(EY), dB 


ORIGINAL PAG? 12 
OF POOR QUALITY 



0(deg) ; *=0' ; 4 5* 

Figure 5-4. Pattern Degradation Due to Thermal -Type Distortion With 
Large Amplitude / p \3 

< Z ■ ^parabola + °-’ 6 V&) “ s 2 +> 


5-15 




deviation factors. However, Vu's model also has some limitations, as it is 
only applicable for the uniform an^litude taper. He have generalized Ruze's 
and Vu's model to study the effects of the random phase errors for most 
general cases. Both 1- and 2-dimensional aperture models have been 
considered and the far-field statistical average patterns have been 
constructed for the nondistorted and statis- ically distorted phase errors. 

Many representative results have been obtained based on different correlation 
intervals, variable standard deviation factors and edge tapers. Hero, only a 
few results will be shown. 

There is an approximate relationship between the aperture phase standard 
deviation factor a and the surface rms distortion a/ x, i.e. , 

A/X = <j/(4»). (5.1) 

The above formula is more accurate for reflectors with large F/D ratios. 

A general conputer program has been developed which uses a as an input and 
determines its effect on the far-field patterns. For instance. Fig. 5-5 shows 

the effect of a/x (or a) on the far-field pattern for the correlation 

interval of A/20. As is clearly seen, for larger observation angles, the 

effect of the surface rms becomes more pronounced and si delobe levels degrade 

rapidly. The degradation of the sidelobe levels can easily deteriorate 
the performance c-f a multiple beam system as far as the C/1 characteristics 
are concerned. Results of Fig. 5-5 suggest that a surface rms value of x/64 
is needed in order to keep the third sidelobe level within 2 dB on the 
level of the undistortod surface. 
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Although the above model provides a good approximation for the collar 
component, it does not give much information for the cross-polar component 
of the f?r-field. This is due to the scaler nature of the model. Currently, 
attempts are being made to generalize the model to a vector form and directly 
introduce the random errors on the reflector surface. This new model should 
allow the effect of random errors to be studied, from both the amplitude and 
phase aberrations on the reflector's far-field patterns. 
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5.2 SATELLITE CONTROL TECHNOLOGY 


A concise description of the MSAT attitude control subsystems was presented in 
Section 3.13. A more detailed description and assessment of its components 
and other key technologies is given in this section. 

Although the control hardware inventory used on subsynchronous and synchronous 
satellites is extensive, the unique requirements and characteristics of MSAT 
drive the technology in many cases beyond current available performance. 
Significant flexibility of the structure combined with precision pointing and 
a 10-year operational lifetime, place unusual demands on the MSAT control 
system capabilities. 

T mplementation of the attitude control subsystem (ACS) for MSAT requires a 
number of new design and hardware developments. New ACS designs are required 
for: 1) model order reduction techniques, 2) model error estimation/conpensa- 
tion techniques, and 3) reflector motion compensation control and boom 
stabilization methods. Model order reduction techniques are required because 
the spacecraft has a large number of vibration modes which must be truncated 
for the control design. Truncation and parameter errors associated with 
the spacecraft must be accounted for by appropriate error estimation/compensa- 
tion techniques, or performance degradation will result as evidenced by recent 
Earth-orbiting and planetary spacecraft experiences. New methods must be 
investigated and developed to control feed/ ref lector relative displacements 
caused by boom distortions, and reflector vibrations and rotations must be 
compensated in the ACS design. Distributed sensing on the reflector will be 
required due to :he associated model error problems of the spacecraft. 
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New or extended ACS hardware developments are required for the optical shape/ 
vibration sensor to implement the reflector motion compensation control and 
boom stabilization concepts and in long-life, high performance hardware. These 
hardware items include the fiber optics rotation sensor (FORS), CCD-based star 
trackers, and magnetic or ball-bearing reaction wheels. The baseline har<toare 
selected for implementation of the MSAT ACS was listed earlier as Table 3-15 
along with other related characteristics and is repeated here for convenience 
in Table 5-1. In the following paragraphs, brief discussions of the control 
software and hardware elements are given. The discussions are presented in 
three principal technology sections titled control laws and ACS processor, 
control sensors ; and control actuators. 

5.2.1 Control Laws and ACS Processor 

A. Control Laws 

Due to the varied control functions required in each mission phase, the control 
laws as implemented in the ACS processor will be different from one mission 
phase to the othe-.* during Phase I, all control functions are performed by 
the Upper Stage Vehicle (USV). Control laws for Phase II will be loaded into 
the ACS processor before Shuttle launch. Prior to separation from the USV, 
inertial reference signals are handed off from the USV to the MSAT control 
system. Thereafter, the ACS processor is the prime controller for MSAT. Its 
function is to generate control commands based on processing sensor signals 
monitored from the system according to control laws implemented for Phases II, 
III, and IV. 


* See Section 3.13 for the definition of the various phases of the mission. 
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Table 5-1. MSAT ACS Equipment List 


EQUIPMENT. HUMBER 

- 

UNIT 

AVG^EAK 

POWER 

WATTS 

DIMENSION 
PER UNIT 
CM (IN.) 

m 

COMMENTS 

FIBE POIHTIBG 1 

WHEELS 

IB (22) 

5/7B 

15x 35 OIANL 
(4x14 OIAMJ 

STD BALL 
BEARING OR 
MA6NETIC 
REARING 
OESIGNS 

1 WHEEL PER AXIS PLUS ONE 
SXEWED SPARE AT EACH OF 

2 LOCATIONS. 20 NATS PER 
WHEEL. MASS. POWER ANO 
SIZE BASED ON CURRENT 
BALLBEARING WHEEL 
TECHNOLOGY 

3-AXIS FIBER OFT ICS 1 

INERTIAL REFERENCE 

UNIT 

11(212) 

28/24 

25x25x25 
(9.9 x 9.9 x 9.9) 

OAST 

SINGLEAXIS 
FORS SENSOR 

FIBER OPTICS ROTATION 
SENSOR (FORS). SINGLE- 
AXIS LONG-LIFE GYRO 
PRESENTLY IN BREAD 
BOARD STATUS 

TAXIS CCD 2 

STAR TRACKER 

S.S ( 12_2) 

18/18 

13 x 18x32 
(5x7x12) 

OAST 

PROTOTYPE 

STELLAR 

TRACKER 

8* x 8* FIXED HEAD STAR 
TRACKER; 5 SEC ACCURACY. 
PRESENTLY IN ENGINEER- 
ING MODEL STATUS (NO 
ADVANCED DEVELOPMENT 
FUNDED). EXTRA UNIT IS 
FOR BACK-UP 

2AXIS 2 

EARTH SENSOR 

2.54 (5.4) 

3.273.2 

14 x 12JSx 11 
(5.7 x 5.0 x 4.5) 

LANDSAT 

ANO 

QUANTIC 
MOO. IV R 

QUANTIC MODEL 5100: 
DESIGNED FOR DSCS III. 
ACCURACY AT 4.442* (3d): 
EARTH ACQUISITION 
ATTITUDE RAN6E t17* 

2AXIS 2 

SUN SENSOR 

4.52 (1) 

1/1 

15x15x1.9 

(4x4x15) 

ATS* 

ANAL06, 180* SOLID ANGLE 

OPTICAL SHAPE ANO 1 

VIBRATION SENSOR 

28 (441 

188/180 

25.4 x 25.4 x 74.2 
(19x14x38) 

NEW 

CHARACTERISTICS BASED 
ON SENSOR CONCEPT FOR 
SPATIAL HI6H ACCURACY 
POSITION ENCOOING 
SENSOR (SHAPES) 

MOUNTED AT BUS. OPTICAL- 
LY STARES AT OISH 

DIGITAL COMPUTER (2) 2 

25 (SS) 

48/48 

14.8 x 29.5 x 22.9 
(4.4x11.4x9) 

GALILEO 

EACH UNIT CONSISTS OF 2 
AT AC- IBS PROCESSORS. 2 
RAMS. 2 I/OS AND 2 DMAS 
EXTRA UNIT IS FOR BACK-UP 
ANO IS POWERED ALL TIME 

1 DOF SOLAR ARRAY 1 

ACTUATOR 

5(11) 

2/1* 

27 x 11.0 DIAM. 
(18.4 x 4.3 DIAM.) 

TBD 

STEPPING MOTOR AND GEAR 
TRAIN 

DISTURBANCE MANAGEMENT 
WHEELS WRAP RIB (3i 
X AXIS (BBS N-M-S) 

V AXIS (443 MBS) 

2AXIS (in HALS) 

37.1 (82) 
32.1(72) 
18.8 (41) 

S/100 

VIM 

5/70 

TBD 

STD BALL 
BEARING OR 
MAGNETIC 
BEARING 
DESIGNS 

UNIT MASS. POWER AND SIZE 
ESTIMATED BASED ON 
AVAILABLE BALL BEARING 
WHEEL HARDWARE 

ACS PROPELLANT 
AT *Z 1 

AT 2 1 

89.5 (1*4.1) 
89.5 (IN.*'. 

N/A 

TBO 

N/A 

MONOPROPELLANT HYDRA 
ZINE WITH SPECIFIC IMPULSE 
OF 120 SEC. IN PULSE MODE, 
220 SEC. FOR STEADY STATl. 
MASS INCLUDES ACS 
PROPELLANT REQUIREMENTS 
FOR COMBATING GRAVITY 
GRADIENT ANO DYNAMIC 
BALANCING TORQUES, BUT 
EXCLUDES PLUMBING. 
THRUSTER HARDWARE 4 
ALL STATION KEEPING 
PROPELLANT 
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During Phase II, the ACS Is required to provide stable, coarse, but robust 
control for reducing separation rates, acquisition of references, and 
deployment. Control laws designed for this mission phase must ensure overall 
system stability in the presence of significant system uncertainties as the 
system undergoes separation, acquisition, and deployment mission sequences. 
Control during Phase II is achieved primarily with thrusters. Robust control 
laws on ON-OFF thruster operations can be designed if vehicle angular rate and 
thruster moment arm lengths (time varying parameters during deployment) are 
all available to the ACS processor. 

In Phase III, major tasks include system checkout, updating, and performance 
testing. A unique feature that the MSAT ACS processor must have, is the 
system identification capability. This implies that actual system dynamics 
will be identified. Due to the inevitable limitations of ground testing 
such a large structure, in-orbit system identification will be used to update 
model parameters (e.g., mode shapes and mode frequencies) to reflect accurate 
MSAT dynamics in the space environment. To perform system identification for 
MSAT, system input (e.g., torques and forces) and output (rotations and 
displacements) data are collected and provided to an identification algorithm 
which, after processing these data, produces updates of model parameters. 

In general, higher control performance requires a more accurate system dynamic 
model. In particular, the best characterization of large space structures such 
as MSAT can only be obtained by system identification when the structure is 
fully deployed in space. 
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It is noted that in addition to the requirement of developing identification 
algorithms, it is also important to develop algorithms for placing sensors and 
actuators on MSAT to achieve system identification effectively. System check- 
out, updating, and identification will continue for an anticipated period o* 
about 90 days, until MSAT has been thoroughly calibrated and its performance 
has been updated to meet mission requirements. 

Control laws required for the 10-year operational phase consist of a number of 
coordinated estimation and control algorithms. All estimation and control 
must be carried out on-line in real time. This implies that the ACS processor 
must be able to process data from all sensors and actuators with sufficient 
speed to estimate system states accurately and generate control command 
appropriately. 

For the primary attitude control of the bus, the control law design will be 
similar to current attitude controllers for rigid spacecraft using gyros 
for attitude sensing and reaction wheels for control. Gyro drift will be 
compensated by using information derived from the attitude determination 
loop using star tracker information and ephemeris data. 

For reflector motion compensation control and boom stabilization with respect 
to the bus, an estimation algorithm based on the optical shape/vibration sensor 
measurements must be developed to provide estimates on system states which 
yield information about reflector vibration, boom distortion, and reflector- 
bus relative rotations and displacements. This estimation problem can be 
formulated and solved by the ACS processor sequentially, if the relation 
between optical sensor outputs and system states can be determined. Based 
on estimated state information, control laws for the bus and the reflector 
located actuators can be designed to meet control requirements. 
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Control algorithms designed for solar array pointing are relatively simple. 

The one degree-of-freedom articulation of the solar array is achieved with 
a solar array torquer which is commanded by the ACS processor such that the 
Sun sensor on the solar array is pointing to the Sun within the required 
accuracy. 

Major system disturbances are managed by large reaction wheels. These wheels 
have been sized for totally absorbing cyclic solar pressure torques without 
the need for momentum unloading. The control laws for combating solar 
pressure torques will thus be straightforward. However, one of these wheels 
is also used for absorbing constant gravity gradient and dynamic balancing 
torques and requires momentum dumping (i.e., reduce accumulated wheel angular 
velocity) every six hours. Upon receiving a signal indicating near saturation 
of the wheel, the ACS processor generates commands to a specific pair of 
thrusters, one at the bus and one at the reflector hub, to produce a pure 
couple torque on the MSAT and thus remove momentum from the wheel. The control 
algorithm for accomplishing momentum dumping is relatively simple. 

Upon ground command, the ACS processor will also generate stationkeeping 
commands directing proper thruster firings to achieve desired AV without 
causing vehicle rotations. That is, the net thrust vector passes through the 
MSAT center of mass. During stationkeeping maneuvers, however, the ACS 
processor must control vehicle attitude so that MSAT continues its normal 
operation without service interruption. 

This completes the discussion of control laws required for mission Phases II, 
III, and IV. These control laws (including all estimation and control 
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algorithms) will be implemented with an ACS processor. The requirements of 
the processor are discussed next. 

B. ACS Processor Requirements 

A preliminary sizing and speed estimation of the MSAT ACS processor has been 
undertaken. This study estimates requirements for a typical computer imple- 
mentation of control laws described in the preceding section. Control laws 
proposed for MSAT as discussed consist of estimation algorithms and control 
algorithms. For estimation, it is assumed that a total of 20 states must be 
estimated at every 50 ms, resulting in a speed requirement of 100,000 instruc- 
tions/s. Assuming an update of every 50 ms as required in the estimation, 
control algorithms for actuations at the bus and at the hub require 10,000 
instructions/s. For system identification, it is assumed that the optical 
shape/vibration sensor will take 100 measurements at various locations on the 
reflector in 50 ms. But, the system identification process ’ s performed off- 
line in 10 s. This will result in only 22,000 instructions/s requirement for 
the overall function of system identification. Other areas requiring ACS 
processor support include input/output functions of sensors and actuators, 
fault protection software and hardware configuration, etc. The total require- 
ment for all processing has been estimated at 220,000 instructions/s. Assuming 
a 29 percent overhead for higher-level language implementation, plus a 10 per- 
cent overhead for the higher-level language itself, results in an estimate of 
286, uOO instructions/s capability required for the MSAT ACS processor. Since 
one space qualified ATAC-16S processor has an average speed of 190,000 instruc- 
tions/s, two such processors are needed to provide the required capability of 
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286,000 instructions/s. Two additional ATAC-16S processors have been included 
in the hardware list for redundancy and backup. 

C. Required Technology Developments 

Control law designs described in the previous sections are based on extrap- 
olation of the current state-of-the-art in control analysis and the latest 
advances in Large Space Systems (LSS) control technology. New design, 
analysis, and system identification techniques must be developed to demonstrate 
feasibility and level of control performance. More work is required in a 
number of critical areas with the most important areas discussed in the 
following paragraphs. 

Cl. Modeling of MSAT 

In general, control performance is significantly dependent on the controller's 
ability to predict the dynamics of the system being controlled. Therefore, the 
more stringent the control performance requirements, the more accurate the 
required system dynamic model. For large flexible space structures such as 
MSAT, it is extremely difficult to model system dynamics accurately. Diffi- 
culties arise from a number of reasons as described below. 

First, systems like MSAT are characterized by distributed energy and hence 
should be represented mathematically by continuum models (i.e., partial 
differential equations). For practical reasons, however, system dynamics are 
usually approximated with models of ordinary differential equations. This is 
often referred to as lumped parameter models. However, if MSAT is represented 
by lumped parameter models, such as finite element models, the dimension of the 
model would be very high and it is easy to lose numerical accuracy in dealing 
with high dimensional models. 
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Secondly, MSAT is also characterized by its imbalanced configuration or lack 
of symmetry. In addition, uonl inearities and dynamic coupling are significant 
in the model. All these factors pose a real challenge to model MSAT dynamics 
accurately. 

Thirdly, there exists no prior experience on large flexible structures in 
space. Inherent damping of structures in space is still a model parameter 
problem carrying great uncertainties. The best model which can be obtained 
by ground test and simulation may become too inaccurate due to the effects of 
environment (zero-g) and depletion of consumables in service. 

At the same time, control requirements for MSAT are very stringent. Antenna 
pointing to better than +0.03 degrees and stability of +0.03 degrees, together 
with antenna surface accuracy of 3 mm are significant challenges for satellites 
as large and flexible as MSAT. Difficulties in modeling MSAT accurately must 
be reduced in order to meet these stringent control performances required of 
MSAT. 


C2. Model Order Reduction 

Assuming very accurate dynamic models can be developed for control design 
purposes, the ACS processor will not be able to use these models due to 
practical limitations of processor size and speed. The reason that accurate 
models for MSAT are characterized by high dimensions is reflected in discus- 
sions in the preceding section. Therefore, for control designs and subsequent 
implementation with the ACS processor, a truncated model of MSAT is required. 
However, selection of the best truncated model is not a trivial matter, because 
despite truncation errors, it must still allow control designs to meet required 
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performance and t? achieve control objectives. Systematic techniques for model 
order reduction must be developed to greatly reduce design Iterations and to 
enhance confidence in achievable control performance. 

C3. Robust Control Laws 

From the discussion on modeling and model order reduction, it is reasonable to 
state that models available for control law designs will include parameter and 
truncation errors. It is recognized that control performance will degrade in 
the presence of these model errors, and more seriously, the overall system may 
be destabilized by these errors. It is therefore essential to develop robust 
control algorithms that can guarantee system stability and minimize control 
performance degradation in the presence of model errors for the entire mission 
operation. 

C4. Reflector/Boom Motion Compensation and Control 

At present, there exists no control design similar to the reflector/boom motion 
compensation and control concept proposed for MSAT. The concept is currently 
under study at JPL under NASA's Large Space Systems Technology (LSST) control 
technology development program. The estimator required by MSAT is responsible 
for estimating system states which in turn yield information on reflector 
vibration, boom distortion, and feed/reflector relative motion. The controller 
is responsible for controlling reflector pointing, reflector surface accuracy, 
and MSAT attitude. A lot of work is still required, for example, to determine 
the number of points sensed, locations of sensing, and estimation and control. 
Sensor/actuator dynamics, nonlinearities, ACS processor quantization errors and 
MSAT model errors must all be considered and evaluated to demonstrate the feasi- 
bility cf this concept. 
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5.2.2 Control Sensors 


A. Fiber-Optics Inertial -Reference Unit 

This assembly will consist of three Fiber Optics Rotation Sensors (FORS) 
mounted in orthogonal configuration in the bus. The operation of the sensor 
depends on the fact that two electromagnetic waves counter-propagating about a 
closed optical path will experience different travel times if the sensor is 
rotating relative to inertial space. If the two waves have the same wavelength 
X and are traveling with identical polarizations through a single mode wave- 
guide fiber of length L, wrapped on a circular coil having perimeter P, then 
the observed phase shift due to a rotation component co about the axis of the 
coil is 


= 2PL<o 

r Xc 


where c is the vacuum velocity of light. 


(5-2) 


Figure 5-6 is a block diagram of the FORS system. The emitting source is a 
ingle-mode semiconductor diode laser. Three of the active elements, the 
optical switch, beam splitter, and adulator, are identical voltage-responsive 
waveguide couplers. The bias element is similar but does not r;quire the 
second waveguide. Assuming an even division ratio at the second divider-, a 
fixed n/2 phase bias results in signals in the two direction'- S a and Sg of 


(5-3) 


S/\ = S 0 (1-Sin 9^) , and 
S B = Sq 1 (1 + Sin 9 r ), 
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Figure 5-6. FORS Block Diagram 
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where Sq and Sq are functions o» the laser power, the transmission of the 
common optical waveguide paths, the detector responsivities, and the amplifier 
gains. If S 0 can be made equal to Sg, then a signal which is independent of 
these factors may be obtained by 


S B- S A 
S B * S A 


Sin e r 


(5-5) 


This equation when combined with Eq. (5-2) yields u the conponent of rotation 
about the axis of the coil. Signal modulation through reversal of the coil 
connections provides a means for calculate onaily equalizing S 0 and S' 0 as well 
as compensating, to the first order, for errors in setting the phase bias to 
a value of ~/2 . Some form of bias sel f-cowpensation is necessary for this 
approach since a bias error is otherwise indistinguishable frcm a rotation 
rate and the bias accuracy requirements would be prohibitively severe. Simi- 
larly, offset errors in the detector chain are largely removed through the 
demodulation (signal differencing) process. 

The FORS sensor is currently under development. The projected performance is 
a drift rate of 0.01 degrees per hour, with the advantages of long-life and 
freedom from null hysteresis and bias effects. It will operate with its own 
microprocessor and provide output usable by the attitude control system without 
further processing. Projected weight, size, and power are 11 kg, 15,000 cm^, 
and 20 W, respectively, for a 3-axis system without redundancy. It will be 
necessary to hold the temperature in the 0°-25° C range with a rate of change 
of less than 10° C per hour. 

Two potential sources of error are polarization wander and coherent back- 
scatter in the waveguide- Polarization conserving fibers, which will minimize 
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polarization vector wander, are under development and may be incorporated in 
later models. Hide optical bandwidth single-mode laser sources will minimize 
backscatter coherence. It is expected that sufficient information will be 
generated from the FORS model now under development to allow meaningful sim- 
ulation by mid-FY83. Complete characterization is expected by the end of FY84 
as a result of the present program. The further development in o a 3-axis 
flight system would require a contract program of about 2-year's duration and 
is dependent on continued progress in the fiber-optics communication field for 
the required components. 

8. Star Trackers 

There will be a 2-axis star tracker mounted on the bus with a second unit as 
a backup. These trackers will utilize charge-coupled device (CCD) technology 
to provide high tracking accuracy, long-term stability, and long life. The 
sensor will consist of an imaging system, a CCD detector, focal-plane elec- 
tronics, a microcomputer, and 3 thermoelectric cooler for the detector. There 
are two sources for this technology: the MADAN program sponsored by the Air 
Force 2 nd the work that has been done at JPL. The goal of the Air Force work 
has been a radiation-hard tracker, but funding problems have prevented its 
completion. The most recent output of t;.e JPL work has been the prototype star 
tracker for SIP.TF. The use of the microcomputer allows interpolation of image 
location in the 9 mm diameter focal plane to within +1 pm. The optical system 
determines the corresponding angular resolution. For example, a star in an 
8- by 8-degree field could be located to +3 arc seconds. 

There are two operating modes, acquisition and track. During acquisition, the 
tracker scans the entire field-of-view and stores the location of star source 
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signals exceeding a preselected level. In the track mode, only the pixels 
surrounding the selected stars are scanned in order to speed the processing of 
the data. Figure 5-7 shows the block diagram of the SIRTF fine guidance sensor 
and is typical of these systems. 

The projected weight, size, and power requirements for the star tracker 
assembly are 5.5 kg, 7500 cm^, and 10 W. The development of this class of 
sensor is well along and the next phase would be the construction of an engi- 
neering model. The experience with the SIRTF prototype, which is now under- 
going field tests, will provide information for a rather complete characteriza- 
tion of such systems. 

C. Earth Sensor 

The Quantic Model 5100 or a similar device would be the choice for the re- 
quired Earth sensor. This is a passive, infrared horizon sensor designed 
for operation from geosynchronous altitude. It is a fully-developed 
instrument and is used on the Air Force DSCS III satellite. It utilizes four 
pairs of thermocouple detectors to sense the limb of the Earth in the 22 to 
33 urn band. It provides analog output voltages proportional to pitch and 
roll over a linear range of +2 degrees as well as an Earth-presence signal. 

A saturated output sji table for Earth acquisition is provided over a range of 
+17 degrees. A built-in Sun sensor provides for the rejection of false 
readings when the Sun is in the field-of-v iew. The specified accuracy of the 
Earth sensor is 0.046 degrees (3a), at null, at the design altitude. This 
figure includes the seasonal variations of the horizon and component drift 
projected over 10 years. The noise-equivalent angle is 0.002 degrees (3a). 

The weight, size, and power specifications are 2.5 kg, 1900 cm^, and 3.2 W. 
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The logic for Sun-presence protection is contained within the sensor. Since 
the signal outputs are analog, A-to-D conversion must be provided. 

This sensor is an improved version of earlier sensors which have been in pro- 
duction since 1969. This model has been thoroughly characterized as part of 
the DSCS III program. Further development work in the area of detector 
characterization and ground testing and calibration of the completed sensor 
could result in an improvement in sensor accuracy by perhaps a factor of two. 
With the present characterization, the sensor can be modeled with a fair 
degree of accuracy. 

D. Shape and Vibration Sensors 

The shape and vibrational motions of the major MSAT structural elements must 
be monitored both for the purpose of control throughout the entire life of the 
spacecraft and for Phase III, system checkout and performance testing. The 
description given below is for SHAPES (Spatial High Accuracy Position Encoding 
Sensor), an advanced shape and vibration sensor under current development at 
JPL. 

The sensor system will consist of the sensor head to monitor the antenna re- 
flector and the accompanying electronics. The head mounts on the bus and 
monitors the 3-dimensional coordinates of points on the reflector by 
measuring the range and direction to these points from the sensor head. The 
operation of SHAPES is dependent upon the rapid alteration of two basic 
measurement processes: the measurement of range and the measurement of 

direction. The measurement of range is done by timing the flight of a very 
short pulse of light from the sensor head to a reflector at the point to be 
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measured and returned. This measurement, as will be detailed below, is not an 
actual time measurement but is a comparison between the round trip travel time 
of the pulse to the retroreflector and back, and the time to travel through a 
reference length of optical fiber. The direction to the target reflector is 
determined from the location of the image of the reflector in the focal plane 
of the sensor head. 

A diagram of the sensor is shown in Fig. 5*8, which illustrates the application 
to the monitoring of the antenna reflector. The measurement process starts 
with the pulsing of the laser-diode light source. The radiation from the laser 
illuminates all of the retroreflector targets and in addition launches a pulse 
in the fiber-optics reference path via the fiber pickup. The reference path 
consists of a set of fiber coils, which serve as incremental time delays. 

These delays are switched in and out by intcgrated-optics waveguide switches 
under the control of the microcomputer. The return pulses from the retro- 
reflectors are imaged by the objective lens onto the photocathode of a scanning 
image tube. The output of the scanning image tube is detected by a CCD detector 
integral with the tube. The readout of this detector is controlled by a micro- 
processor through the timing and readout circuits. The image tube may be 
operated in either of two modes. With no sweep voltage applied, the tube 
relays the image formed on its photocathode to the CCD detector for readout. 
Operation in this mode is equivalent to taking a picture of the target region. 
The images produced in this mode are presented in Fig. 5-9 by the circular 
dots. This mode gives the directions from the sensor head to the targets. 
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Figure 5-8. SHAPES Schematic 
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The second mode of operation is with the sweep circuits activated. The timing • 
circuits start the sweep shortly before the arrival of the return pulse. The 
sweep scans the image across the CCD detector so that there is a 1:1 corre- 
spondence between points on the detector and the arrival time of the return 
pulse. These arrivals are represented in Fig. 5-9 by the oval spots. The 
displacement A z of the spots on the detector is a measure of the arrival time 
of the various pulses after the start of the sweep. Since the reference path 
pulse is also recorded, a calibration of the sweep is obtained each time. The 
sum of the times correspond to the switched fiber delays, and the times 
correspondi ng to the differences between the displacements of the spots 
returned from the reflectors, and the displacement of the reference spots, are 
the measure of the round-trip travel time and hence the range. The processing 
of the output of the sweep tube is the same for either mode of measurement. 

The requirement is that charge be allowed to accumulate in the CCD for many 
pulses of the laser. The centroid of the charge distribution is then deter- 
mined in the readout process. The coordinates of the centroids locate the 
average position of the spots during that sequence of pulses. From these 
coordinates of the output data, direction to the targets or range, depending 
on the measurement mode, are calculated. 

The SHAPES sensor just described is in the early development stage. Most of 
the technologies such as the readout of the CCD are well understood and will 
require little further development. The integrated optics switches, however, 
are now under development for FORS and other systems, and further work is 
proceeding to produce switches with lower losses. The relative complexity of 
the system also requires a significant effort at system integration. The 
projected completion date for a SHAPES breadboard is the end of FY84 with an 
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engineering model two years later. Estimates of weight, size, and power con- 
sumption for the sensor are 20 kg, 6,900 cm^, and 100 W. Reasonably accurate 
modeling of the SHAPES sensor should be possible by the end of FY84. 

E. Sun Sensor 

The technology presented by the MSAT Sun sensor is well established and there- 
fore requires no added development. A 2-axis, analog device typical of that 
flown on ATS-6 with a large field-of-view is applicable. The sensor consists 
of four silicon photodetectors interconnected to obtain a null output when the 
sensors a?e pointing to the Sun. The sensor has an accuracy of +3 minutes of 
arc. 


5.2.3 Control Actuators 

A. Solar Array Drive 

The solar array drive actuators requirement can be met with no new technology. 
An adaptation of the design used for the JPL scan or antenna actuators, based 
on the stepper motor drive, through a gear train of as low as 180 to 1 (giving 
1/2 degree position control with a 90 degree-per-step motor) could be used. 

Once the spacecraft position is established, a simple constant speed drive is 
feasible, or a feedback control loop using the Sun sensors is easily imple- 
mented. For the 10-year life requirement, redundant motors and gear trains 
should be considered. 

B. Reaction Wheels 

Two different technology regimes are available to meet the requirements for 
both the momentum management and the fine pointing reaction wheel requirements. 
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These diverse technologies are represented by ball-bearing and magnetic-bearing 
designs which are described in the following. 

Bl. Ball-Bearing Suspension 

This technology is very mature, with large numbers of wheels in use, manufac- 
tured by Sperry or Bendix. Both these manufacturers state that a 100,000-hour 
life is possible. Great care must be exercised in the bearing design and 
fabrication to achieve such life. In addition, provision should be made to 
assure that minimum operation takes place at rotor speeds below that which 
provides a sufficient hydrc-dynamic lubricant film. This is typically about 
100 rpm. The control system should take the wheels rapidly through the speed 
range by transferring momentum from the small to large wheels, or to the 
controlled element by thruster firings. 

B2. Magnetic Bearing Suspension 

If the 10-year life capability of ball bearings cannot be sufficiently demon- 
strated, use of a magnetic bearing should be considered. Sperry Flight Systems 
Company has carried this technology to the point of completing engineering 
models for several wheel sizes. One model has undergone limited environmental 
testing. While the design concept has been well viemonstrated, a full qualifi- 
cation program on each size would be needed before flight. The advantages 
presented by this technology are the absence of a wear mechanism for the 
bearings, and the possibility of including full redundancy in bearings and 
their control electronics, at the cost of higher mass and the additional 
complexity of the suspension electronics. 
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The physical characteristics of such magnetic suspension wheels are 


Disturbance Management Wheel: 

678-1356 N-m-s (500-1000 ft-lb-s) 
size: 76 cm (30 in.) sphere 
mass: 76 kg (168 lb) 
power: 17 W continuous (for suspension) 

90 W for torquing, maximum 
Fine Pointing Wheel: 

38 N-m-s (28 ft-lb-s) 

size: 33 cm (13 in.) sphere 

mass: 16.3 kg (36 lb) 

power: 5 W continuous (for suspension) 
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5.3 SATELLITE ANTENNA STRUCTURE 


The MSAT design presented in this document uses the wrap-rib antenna concept. 
The wrap-rib deployable antenna has been developed by Lockheed Missiles Space 
Company (LMSC) for numerous flight applications using many different size 
antennas. The best known application is probably the ATS-6 spacecraft, which 
used a 9.1 m parabolic reflector operating up to 8 GHz. However, the ATS-6 
antenna used aluminum ribs, conventional thermal blankets, and copper- plated 
dacron mesh, which represents about a 15-year old technology. Recent 
developments for this concept include; a) graphite epoxy and metal matrix ribs, 
b) gold-plated molybdenum mesh, and c) controlled rib deployment for the large 
size antennas, i.e., 10 m and larger. This technology has been demonstrated 
principally with axisymmetric antenna configurations, utilizing a simple feed 
support structure. The state-of-the-art for this design can acconmodate 
axisymmetric antennas up to 44 m in diameter for operation up to at least 
X-band. 

The initial goal of the offset wrap-rib concept development under Large Space 
Structure Technology (LSST) was to determine the applicability of the basic 
axisymmetric structure to offset-fed configurations. The impact of changing 
the feed/reflector configuration was evaluated in terms of reflector surface 
quality, cost, weight, mechanical complexity, and mechanical packaging 
efficiency for reflector structures up to 300 m in diameter. The studies 
have shown tnat the axisymmetric reflector structure is directly applicable 
for offset configurations with small impact-to-cost and technical risk. The 
major impact results from changing the configuration of the long mast inter- 
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connecting feed and reflector.* The typical axisymmetric reflector utilized 
a simple tripod or mast originating at the perimeter of the antenna hub 
structure, and terminating at the focus of the reflector. However, for the 
offset configuration the mast can be hard-mounted only at the reflector hub 
structure. The resulting configuration is a cantilever boom originating at the 
antenna hub with a straight section approximately equal in length to the 
reflector radius, followed then by another section that makes approximately a 
90-degree change in direction and is 1.5 times the diameter of the reflector. 
Clearly, the technology challenge is associated with developing concepts for 
this deployable mast structure. The reflector and feed support structure 
development are discussed in the following section. 

5.3.1 Offset Reflector Development 

The reflector structure for both axisymmetric and offset-fed antennas consists 

of the ribs, hub assembly, and mesh (see Fig. 3-23). The ribs for the offset 

reflector are based on graphite epoxy technology because of; 1) improved 

thermal and stiffness properties as compared to aluminum (which was used on the 

ATS-6), and 2) the level of maturity of this technology. The cross section 

of the ribs will be full lenticular, the shape required for the larger size 

antennas. The length of a single rib segment is limited to approximately 6 m 

by current manufacturing support equipment capacity. Therefore, the 

ribs are made in segments, and are then spliced together after machining for 

the final product. The tooling for the individual rib segments produces half 

section which are bonded together for the complete rib segment. Since the rib 

has a tapered cross section, several sets of different tooling are required for 

each rib. These manufacturing procedures are identical for both the 

* This l-shaped mast has been interchangeably called the feed support 
structure or reflector support structure. 
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axisyraietric and offset-configured ribs. However, due to the nonsymmetric 
shape of the offset reflector, only planar symmetric pairs of ribs have the 
same curvature. Normally, this situation would require many additional sets of 
expensive tooling. To avoid this situation, a sufficiently large lip is put 
on the basic riL to accommodate the machining of different curvatures so the 
same set of tooling can be used for each rib. These processes have been 
utilized for fabrication of the ribs for the LSST 55-m proof-of-concept 
hardware model. One rib has been completed and the remaining three ribs are 
near conpletion. Single-rib deployment will be demonstrated during the first 
quarter of FY82 and 4-rib, 3-mesh gore deployment will be demonstrated during 
the fourth quarter of FY82. The technology is well in hand for the design 
fabrication and testing of the rib structure for large size wrap-rib antennas. 

The basic design of the hub structure with controlled rib deployment capability 
is compatible with both axisymmetric and offset configurations. Existing LMSC 
hub designs will be used for the "proof-of-concept" hardware demonstration. 

The mesh selected for demonstration on the LSST hardware will be 2-bar, 
tricot knit, gold-plated molybdenum wire. This wire was selected because 
of its relatively low stiffness. This characteristic will accommodate the 2- 
directional tension field, while the antenna experiences large thermal changes, 
without imparting a large load to the rib structure or developing wrinkles in 
the RF reflective surface. This type of mesh has been successfully used on 
wrap-rib antennas up to 50 m in diameter. 

5.3.2 Offset Feed Support Structures 

The deployable L-shaped mast structure represents a new technology development 
in that an extensive LSST review of existing concepts and designs failed to 
identify a "ready made" solution. This technology review included evaluation 
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of; a) 22 different basic beam cross section forms, b) 5 basic truss config- 
uration variations, c) 14 different basic storage methods, anc‘ d) 20 different 
specific deployable boom concepts. The criteria for the evaluation included; 
a) cost, b) technical risk, c) weight, d) reliability, e) mechanical packaging 
efficiency, f) dimensional stability, g) deployment repeatability, 
h) structural frequency, and i) concept maturity [Ref. 10]. However, 
the subject evaluation did illuminate many desirable features from a number 
of different designs. The integration of these somewhat separate features 
resulted in the design of a new deployable boom concept. These features 
include: a) preloaded longeron joints, b) lightweight deployment cage, 
c) deployment, schemes which accommodate boom stiffness during all phases of 
deployment, d) deployed configuration is a true truss, i.e. , all members 
carry axial loads only, e) diagonals that carry only tension results in a 
lightweight design with good packaging efficiency, f) tapered graphite epoxy 
longerons which represent mature technology, and g) the stowed arrangement of 
longerons gives good packaging efficiency, i.e., a 680-m length of boom stows 
up to a 20-m long package. This truss type deployable boom structure is the 
baseline design for the offset antenna configuration. 

This boom con ?pt has been developed to the point of a preliminary design which 
is currently under evaluation with the aid of finite-element analytical models 
and breadboard hardware components. The geometry of the preliminary design is 
used to establish the baseline configuration and packaging efficiency. The 
analytical models are needed to help characterize the complete antenna. The 
hardware components, which consist of the preloaded hinge joint and tapered 
graphite epoxy tubes, will be used to help verify the design in terms of 
structural stiffness, weight and kinematic function The preliminary design 
will be refined with results of the component evaluation during FY82. A detail 
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design, sufficient to support the fabrication of a 2-bay section of the 
boom for the 55-m "proof-o^-concept" model will be completed by the end of 
FY82. Fabrication and testing of the 2-bay model will be accomplished 
during FY83. Results of that evaluation will be used to support the design of 
the large-size offset reflectors. The maturity of the technology for the 
offset-fed support boom is considerably behind that of the reflector 
structure. The first large size hardware demonstration of the bocm will be 
at least one year behind the reflector. Additionally, evaluation of large size 
boom hardware could result in further refinements of the baseline design, thus 
extending the technology readiness date for the offset-fed wrap-rib antenna 
concept. 

5.3.3 Offset Wrap-Rib Antenna Mechanical Performance 

The functional mechanical performance of a large space antenna structure is 
usually considered to be the precision of the reflector surface in the service 
environment, the alignment of the feed support structure with respect to the 
reflector, and Us subsequent dimensional stability. The principal factors 
that contribute to reflector surface error and feed structure misalignment 
include; a) the surface approximation error, b) assembly tolerances, 
c) thermal distortion, d) material dimensional stability and, e) structure/ 
control system interactions. The selection of 24 ribs for the reflector 
structure resulted from an analysis by LMSC. The analysis was based on the 
minimum number of ribs for an ideal reflector to accommodate -25 dB sidelcbe 
levels and may have to be increased for higher sidelobes. This number of ribs 
results in a maximum surface deviation from an ideal reflector of 5 mm at the 
tip of the ribs. Reflector thermal distortions were calculated for the worst 
case temperature distributions and turned out to be 0.5 ran at the tip of the 
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ribs. This deflection is an order-of-magnitude less than the surface error due 
to the reflector approximation. This means that if more static surface 
precision is required, increasing the number of ribs will be far more 
productive than improving the thermal design. The determination of thermal 
distortions of the feed support structures with respect to the reflector is 
currently in process. These deflections will be combined with the reflector 
thermal distortions to obtain the composite antenna geometry. This geometry 
will be used as the basis of an analysis for determining the effects of 
thermal distortion on the far-field patterns of the antenna. This analysis is 
expected to be conpleted during FY82. 
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5.4 RF COMPONENT TECHNOLOGY 


The principal RF component technologies that require advanced development for 
MSAT application are UHF and S-band power amplifiers, UHF diplexers, and 
the active phase compensation technique (see Section 3.8) if it is determined 
to be necessary for utilization in the system. 

5.4.1 UHF Amplifiers 

Silicon bipolar transistors are currently the prime technology candidate for 
use in the UHF amplifier design. Power GaAs FET technology is being pushed 
upward in frequency and power level, with the low-frequency limit currently 
at about 2 GHz. The best information available from current market trends 
indicate that there are no economic drivers to push the development of low- 
frequency (800-900 MHz' power GaAs FET technology. 

Bipolar power device technology in the 800-900 MHz region is currently inade- 
quate to meet the needs of the LMSS amplifier requirement. Experimental 
devices for use in the 800-900 MHz frequency range are available in sample 
quantities from several manufacturers for common emitter linear and common-bare 
class C power applications (see Table 5-2). Limited manufacturer characteri- 
zation and published data exists for these devices. The economic drivers for 
these devices are the cellular mobile radiotelephone systems and CATV appli- 
cations, with optimization in most cases done for 12 VDC operation. In the 
LMSS application, higher voliage operation is needed due to the required RF 
power level and signal dynamics. 

Transistor device technology optimization for the LMSS application will require 
future development. The parameters that will require optimization are: device 
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geometry, diffusion profiles, metallization, cutoff frequency, output power 
level, operating voltage, voltage breakdown characteristics, and efficiency 
in order to meet the system goal for a 50 percent power amplifier efficiency; 
efficiency for operation with a large number of carriers in the amplifier 
application; emitter ballasting for long-life reliability and operational 
ruggedness for load mismatch; good intermodulation characteristics (linearity) 
over a range of large signal dynamics; and device terminal iirpedances. Many 
of these parameters optimize divergently with respect to the LMSS system 
requirements. 


Table 5-2. UHF Power Transistors 


Manufacturer 

Device No. 

Saturated Power Output 
(W CW) 

Acrian 

BSE-45 

60 

CTC (balanced 

CD-4360 

50 

transistor) 



Motorola 

SFR-3198 

40 


Pending device development and optimization, breadboard power amplifier 
definition and development should continue. Evaluation and characterization 
of currently available generic devices is needed to better understand the 
problems associated with integration of the devices into breadboard amplifiers 
for the LMSS application. Bias techniques for high-efficiency, solid state RF 
amplifiers in multiple carrier applications need to be investigated. Class BD 
bias operation for RF amplifiers shows promise under Gaussian envelope signal 
conditions. Data at low RF frequency (1.9 MHz) has demonstrated good agreement 
with theory for efficiency improvement over that of class B operation (a factor 
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of 1.57 times more efficiency). This bias technique should be investigated 
for the 800-900 MHz application using the best devices currently available. 
Another bias technique for investigation and evaluation is the use of a 
sliding bias to change the class of operation as a function of signal dynamics. 

Study, evaluation, and integration of breadboard driver amplifiers with the 
power amplifier is required to demonstrate the power amplifier capability for 
the LMSS application. The driver amplifier will have to provide soft limiting 
capability to control the peak -to- average power handling requirement in order 
to avoid voltage stressing devices in the power amplifier and to maintain the 
power amplifier operation in a linear region. The utilization of feed-forward- 
feedback techniques around the driver and power amplifier will probably be 
required to reduce intermodulation distortion for the LMSS application. 

Evaluation of a breadboard conf iguration will provide data to verify analytical 
studies and aid in necessary system tradeoff compromises. Very little 
information is available on phase and amplitude tracking characteristics for 
solid state power amplifiers with temperature change, and for multiple carrier 
operation. Amplifier evaluation is required to generate a baseline of phase 
and amplitude data that will aid in the system tradeoff decision to determine 
whether there is need to use active phase tracking techniques. 

5.4.2 S-Band Amplifier 

Bipolar device technology improvements must be achieved to meet the RF power 
level and efficiency requirements. GaAs FET device technology at 2.5 to 3 GHz 
is currently evolving. The multiple carrier application is the most signifi- 
cant area for investigation since each power amplifier must handle the signals 
received from up to four UHF beams. Evaluation of the breadboard UHF power 
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amplifier should be pursued first, with the knowledge gained, then applied to 
the S-band amplifier. 

5.4.3 UHF Diplexer 

Technology improvements are required for the UHF diplexer in order to meet the 
currently available weight and space envelope required for the 134 diplexers on 
the UHF feed array. As a part of the system design evolution, system 
implementations should be reviewed and diplexer requirements reviewed further. 
In addition, feasibility studies should be conducted to determine to what 
extent diplexer weight and size can be reduced through the use of high 
dielectric resonator technology, high dielectric loading and other filter 
techniques. Lightweight, plated-up materials such as graphite- epoxy should 
be investigated for use in the diplexer chassis. A breadboard model should be 
evaluated to demonstrate hardware feasibility. 
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APPENDIX A 

CASSEGRAIN DUAL REFLECTOR ANTENNA DESIGN 


The soundness of an antenna design, particularly one structurally as large as 
MSAT's UHF antenna, should be ultimately based rot only on its electrical 
performance but also on its structural characteristics and its portability and 
controllability. The design presented in Section 3.4 is based on a single 
reflector and requires a large F/Dp to provide adequate scan performance. The 
large F/Dp in turn results in a large L-shaped structure connecting the reflector 
and the feed array. As discussed in Section 3.2, MSAT has a very tight pointing 
and stability requirement. This, among other things, necessitates a very 
accurate alignment of the reflector and the feed. Aside from the static 
alignment, with error sources such as manufacturing errors, the entire antenna 
structure will constantly be subjected to dynamic motions during its operation 
in orbit. One of the many tradeoffs facing an antenna designer is whether the 
large L-shaped boom (see Fig. A-2(a)) connecting the reflector and the feed 
should be made more rioid, and thus heavier, but more immune to various dynamic 
disturbances, or it should be made lighter which makes it more flexible and 
more responsive to dynamic disturbances. 

A "Folded Optics" reflector antenna system could somewhat mitigate these 
problems. Such a system is comprised of a paraboloidal main reflector and a 
hyperboloidal subreflector (cassegrain arrangement) or an ellipsoidal 
subreflector (gregorian arrangement). Such arrangements are generally used to 
bring the feed closer to the main reflector by introducing a third element 
(subreflector) into the system, thus, yielding a more compact design. Another 
presumed advantage of such a system is an increase in effective focal length F e 
and hence larger F e /D values which would improve the scanning characteristics 
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of the antenna system. This statement is, however, only partially true as 
will be explained shortly. 

For comparison purposes, a Cassegrain antenna was designed to have a similar 
electrical performance as the single reflector antenna of Section 3.3. Having 
equivalent electrical performances, the two antennas were then to be compared 
from the structural and controllability points of view. Various on-axis and 
scanned beam patterns for both designs were calculated to insure that they were 
in fact electrically equivalent. Figure A-l defines the Cassegrain antenna 
parameters. The parameters of the two designs are summarized in Table A-l. 

The following considerations have been made in the cassegrain reflector 
design. 

i) The lowest ray reflecting off the lower edge of the main reflector must 
clear past the upper edge of the subreflector. More detailed information 
can be found in [1], 

ii) The F e /Dp ratio in which F e is the equivalent focal length, does not 

determine the off-focus performance of the antenna system as one might be 
tempted to expect. In other words, the scan performance of a cassegrain 
system with a given F e /Dp ratio is not nearly as good as a single reflector 
system with the same F/0 p ratio. This is why the F e /Dp = 1.127 for the 
dual reflector case is expected to have scan performance comparable to 
the single reflector system with F/Dp = 0.67. 

iii) Chooring a large magnification factor M results in even larger feed sizes 
and hence in a much heavier and more cumbersome feed array structure. 

iv) An attempt is made to keep the feed structure close to the main reflector. 
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SIDE View MAIN REFLECTOR FRONT 'MEW 



DEFINITION OF PARAMETERS : 


' VIRTUAL FOCAL LENGTH OF THE SYSTEM (FOCAL LENCTH OF THE 

MAIN REFLECTOR) 

D MAIN REFLECTOR DIAMETER (DIAMETER OF THE C1RCCLAR 

PROJECTED APERTURE) 

Dp DIAMETER OF THE I AREN'T PARABOLOID 

h OFFSET DISPLACEMENT (HEIGHT) OF THE CENTER OF THE MAIN 

C REFLECTOR APERTIRE 

h OFFSET DISPLACEMENT (HEIGHT) OF' THE LOWER EDGE OF THE 

e REFLECTOR 

f 2 DISTANCE FROM THE FOCAL POINT OF MAIN REFLECTOR TO VERTEX 

OF SUBREFLECTOR 

SUBREFLECTOR DIAMETER (DIAMETER OF THE CIRCULAR 
S PROJECTED APERTURE) DESIGNED FOR PROPER ILLL’MI ATION OF 

THE MAIN REFI ECTOR BY THE FEED AT THE FOCAL POINT 

A , B MAJOR AND MINOR DIAMETERS OF THE OVERLARfU (ELLYPTICI 

S S SUBREFLECTOR APERTURE, DESIGNED FOR PROPER ILLUMINATION 

OF THE MAIN REFLECTOR BY ALL OFF-FOCUS ELEMENTS 

h OFFSET DISPLACEMENT (HEIGHT) OF THE CENTER OF THE 

SC SUBREFLECTOR APERTURE 

h offset Displacement (height) of the lower edge of the 

Se SUBREFLECTOR 

F DISTANCE FROM FEED LOCATION (FOCAL POINT OF THE SYSTEM) 

1 TO THE BASE OF SUBREFLECTOR 

L DISTANCE FROM THE FEED LOCATION (FOCAL POINT OF THE 

m SYSTEM) TO THE BASE OF MAIN REFLECTOR 

H - « - 6 1 MAGNIFICATION FACTOR OF THE SUBREFLECTOR (e IS THE 

2 e _ 1 ECCENTRICITY OF THE HYPERBOLOID) 


I 



RATIO OF THE FOCAL LENCTH OF THE MAIN REFLECTOP TO 
SUBREFLECTOR 


» » M. F 


EQUIVALENT FOCAL LENGTH OF THE SYSTEM 


Figure A-l. Geometry of Offset-Fed Cassegrain Dual Reflector Antenna 
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Table A-l. Offset-Fed Single Reflector and Cassegrain 
Dual Reflector Antenna Design Data 
(see Figs. 3-5 and A-l). 



Single Reflector 

Cassegrain 

D 

S5 m 

55 m 

Op 

123 m 

146.4 tn 

F 

82.5 m 

66 m 

he 

34 

45.7 m 

h e 

6.5 m 

18.2 m 

Os 


12 m 

A s x B s 


20 x 17.8 m 

Fl 


30 m 



12 m 

i-n 


24 m 

h sc 


9.2 m 

hse 


0)4 m 

M 


2.5 

P 


5.5 

Fe 


165 m 

F/D 

1.5 

1.2 

F e /D 


3 

F/Dp 

0.67 

0.451 

F e /D p 


1.127 

df 

0.686 m 

1.34 m 

Feed spacing) 








v) Overall, since there are several independent parameters that can be played 
against each other in designing the two reflector systems, the ultimate 
choice should be based on mechanical and attitude control considerations 
as well as electrical performance. 

iv) *.!e sizo of the subra*lectyr for "optimum" designs seems to be around 1/3 
of the main reflector size. Everything else being equal, a multibeam 
(multifeed) system requires a larger subreflector so that the off-focus 
feed elements could properly illuminate the main reflector. 

Figures A-2(a,b) and A-3(a,b) show two views each, of the single reflector 
and cassegrain antenna, respectively. The figures readily point out that there 
does not appear to be any structural advantage to the cassegrain system. The 
dual reflector may look deceptively more compact but it uses more total beam 
length, a much larger feed array and a large subreflector. It should be fairly 
obvious that pointing a cassegrain antenna is more of a challenge because three 
separate elements (feed, subreflector , main reflector), rather than two, must 
be properly aligned. Furthermore, the additional problem of surface tolerance 
of the subreflector is introduced which might require separate investigation. 

Uhat was discussed, so far, relates to a conventional cassegrain design. However, 
it is conceivable that by shaping the subreflector and main reflector, an im- 
proved scan capability might be achieved. Furthermore, the size of the required 
feed aperture- per-beam could be reduced. In such a shaped dual reflector 
system, the need for overlapping cluster feed arrangement and its concomitant 
beam forming network could be removed. In this system, a relatively low-gain 
feed element together with the shaped subreflector would be sufficient to 
produce the required high illumination taper at the main reflector. Such a 
design is currently under investigation at JPl (see Appendix B) . 




(a) Side View ( 5 ) Front View 


Figure A-2. Two Views of the Offset-Fed Single Reflector Antenna Suggested for MSAT 




(a) Side View 


(b) Front View 


Figure A-3. Two Views of the Offset-Fed Cassegrain Antenna Suggested for MSAT 
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APPENDIX 8 

DUAL-SHAPED REaECTOR DESIGN 

Since dual-shaped reflectors permit control of the aperture distribution by 
geometrical optics independent of feed pattern and overall reflector 
positions, there exists a good possibility that a good low sidelobe multiple 
beam reflector antenna can be designed with a simple 1 beam/1 feed (no 
overlapping cluster) feed array that gives wide-angle scanning (equivalent 
high F/D) characteristics in a very compact system. This would significantly 
reduce the complexity required in the BFN and feed array and permit a 
relatively small, lightweight feed concept. 

These results have not all been achieved as yet, although some very promising 
preliminary designs have been examined. Some fundamental problems in 
synthesis and analysis have been uncovered. Certainly, however, if one or 
more of the requirements are relaxed, the prognosis for dual-shaped reflectors 
is indeed very optimistic. 

The objectives in the design of a multibeam dual-shaped reflector antenna were 
as follows: 

1) Utilize only a single feed element for each beam. This 
eliminates the need for clusters and simplifies the power 
distribution network. A 1-2-dB spillover loss due to small 
feeds is acceptable since this much or more will be saved by 
simplification of the power distribution network. Furthermore, 
the entire array will be substantially reduced in size because 
no edge feed elements will be needed in the feed array. 

2) Achieve nominally -30 dB sidelobes. 
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3) Achieve wide-angle scanning by obtaining relatively 
'flat' (high equivalent F/D) reflector surfaces. 

4) Achieve a compact feed plus 2-reflector system by placing 

the feed array and subreflector at mechanically optimum locations. 

Of course, all these objectives are difficult to achieve simultaneously and 
relaxation of one or more will result in enhancement of the other objectives. 

To accomplish these objectives the following items were necessary. 

1) Develop the synthesis software. 

2) Prepare interpolation software linking the synthesis to 
analysis software. 

3) Prepare PO/PO analysis software (PO = Physical optics analysis 
of the subreflector - near field capability; /PO = Physical 
optics analysis of the main reflector) for the shaped reflectors. 

4) Design shaped reflector profiles. 

5) Analysis by PO/PO is not available for shaped reflectors as 
yet (and not desired at this stage). 

More details and some results of this effort are presented next. 

Fast Synthesis Software 

The original software for dual-snaped reflector synthesis was developed and the 
successful results published 2 to 3 years ago. The software was upgraded to 
more rapidly and automatically generate an entire 3-dimensional, 2-reflector 
system as opposed to arbitrarily chosen profiles. The speed, however, 
sacrifices some accuracy and frequent cross-checks with the older more accurate 
synthesis program must be made. 
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PO/PO Interpolation Software 


A PO/PO diffraction analysis program was developed. This program utilizes the 
raw data without interpolation. It is therefore very slow. It will be made 
faster by incorporation of the interpolation software and existing Jacobi- 
Bessel software. 

The raw data is converted into triangular facets that are appropriately ordered 
and thinned. The subreflector-to-main reflector current integration is 
performed by PO as a near -field integration -- no far-field approximations are 
made. This part of the run-stream is the most time consumi ng — maybe 80 per- 
cent. Either a straight GTD or a new FPO (fast PO) will overcome this problem. 
However, the correctness of GTD analysis at this point is in question for 
certain geometries (see later discussion). Hence, new fast PO routines are 
under investigation at JPL, TRW, and other areas. 

It is imperative that at least one PO/PO software program be available for 
verification purposes. This program serves that purpose for the dual-shaped 
reflector synthesis. 

Synthesis and Analysis of Preliminary Designs 

Enough of the basic software was completed to begin with some preliminary 
designs. Progress has been severely handicapped by the very expensive PO/PO 
program and by the very recent important discovery that GO and therefore GTD 
will fail under some important conditions. More on this later. Nevertheless, 
some extremely interesting and promising preliminary designs were made. 
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Profiles: To accomplish the design goals, a series of profiles were developed 


some of which appear promising. Each of these required some substantial 
design effort. Some are shown in Fig. B-l. Cassegrain and gregorian type 
geometries were synthesized. The profiles of some of the results are 
presented in the figure (offset plane profiles). These profiles are not 
rotationally symmetric nor a portion of a 'parent' circularly symmetric 
geometry. They should provide -30 dB si delobes for the feed located at the 
focus as shown. The geometry permits one-beam for one- feed in a multiple 
beam configuration. Diffraction analysis is required to test the geometry. 

In all cases, an output aperture distribution of -15 dB gaussian for -30 dB 
sidelobes was the synthesis objective. In Fig. B-l(a), a cos 2 * 2 (q) was used. 
In the other cases a cos ^’^(q) pattern was used. Hence, the feeds are 
~1X in diameter. Actually, much larger feeds could be used without overlap, 
particularly if the BDF (beam deviation factor) is less than 1 as expected. 

A linear 8-beam feed is illustrated in Fig. B-l(h). The very flat reflectors 
promise a very wide scanning capability. 

Diffraction Analysis by G0/AFP0 and P0/P0 

The essential two ingredients of 'design' are 'synthesis' followed by 
'analysis' (in an interactive manner). Thus, a diffraction analysis with 
focal point feeds immediately followed the generation of the profiles in 
Fig. B-l. 

Two diffraction analysis software programs are available at this time. The 
first is actually intrinsic to the synthesis software. For a feed at the 
focal point, the synthesis software actually makes a GO (subreflector-to-main) 
analysis and an AFPO (aperture field physical optics) analysis at the aperture. 
(The final PO diffraction is implied from the known aperture distribution 
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synthesized). Actually, for near-in angles (the first few sidelobes with the 
feed on focus), the AFPO can be expected to be essentially as accurate as any 
PO analysis. The subreflector GO analysis in the lit region (capture area of 
the main reflector) is the principal part of any GTD analysis for a large 
subreflector. Hence, the GO/AFPO synthesis-analysis should yield reasonably 
accurate (P-Pol at the least) results as compared to GTD/PO. 

In most (if not all) previous tests of GTD versus PO, there were few essential 
differences found. However, a study of the literature shows that previous 
test cases have divergences of the field scattered from the subreflector of 
* ±50 degrees as compared to many of our results, for example Fig. B-l(h), 
with an angular scattering divergence of ±7.5 degrees or 15 degrees total. 

The result is that certain GO synthesized reflector systems (virtually all are 
GO synthesized including paraboloids, paraboloid/hyperboloids, and 
paraboloid/ellipsoids) will yield good to excellent results under a GTD/PO 
diffraction analysis but may fail under a PO/PO analysis. The conclusion is 
enormously important. A GTD/PO dual reflector analysis must be checked 
by a PO/PO analysis whenever 'suspect' geometries are involved. 

Hence, full advantage of the computational speed of GTD may not always be 
possible. A fast-PO (FPO) subreflector scattering program becomes very 
desirable and is being studied at .everal locations. 

The results for two cases. Fig. B-l(d) principal and X-verse cut and B-l(f) 
principal cut are shown in Fig. B-2. 

The results in Fig. B-2 indicate that, in general, slightly higher than 

-30 db sidelobes are found. However, on one side of the patterns, the results 

are not only worse in sidelobe level, but erosion of the nulls indicate a large 
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Figure B-1. Profiles of Dual Shaped Reflectors in Offset Plane. 

Designed for -30 dB Sidelobes and (1 Beam) (1 Feed) 
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aperture phase error. This is the primary reason for stating that the PO/PO 
analysis may give very different results than the GO/AFPO (or GTO/PO probably 
would). 

It would be very good indeed if these results could be attributed to errors 
in the PO/PO software or the ' interpretation' of the synthesis GO/AFPO results. 
Some extraordinary new designs would then be immediately available for 
multiple beams. 

Independent of where any errors may exist, in GO or GTD or in the PO software, 
the prel iminary results are encouraging. Relaxation of the self-imposed 
requirements (e.g. , compactness, etc.) or over-design for -30 dB sic 
could yield excellent results in the future. Further work is expr ed 
establish a dual -reflector design that will meet the MSAT requireme. 
with a very simple feed and BFN. 
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APPENDIX C 
DUAL POLARIZATION 

In a multiple beam system, such as LMSS, the goal is to use the available 
frequency spectrum as efficiently as possible, given a constraint that a 
certain interbeam isolation level must be achieved. For the LMSS, the 
required beam isolation level necessitates that the computed C/I level under 
idealized conditions be equal or higher than 27 cB (see Section 3.5.1). This 
means that the received carrier in the footprint of any reference beam should 
be at least 27 <C higher than the aggregate power of the interfering carriers 
from all other cochannel beams. 

In order to achieve this beam isolation, the baseline design which is presented 
in the main body of this docanent opts for a 7-frequency reuse plan as demon- 
strated in Fig. 3-13. In this plan, only one mode of polarization is used and 
therefore the degree of diversity provided is seven. In this appendix, the 
possibility of using a 4-frequency and 2-polarization reuse plan, (i.e., 

4x2 = 8 diversity), will be investigated. Figure C-l depicts the allocation 
of 4-frequency bands and 2-polarization senses (right and left circular polari- 
zation) among the 87 beams. The numbers inside the parentheses indicate the 
frequency sub-bands and the arrows show the right or left circular polariza- 
tions. 

In connection with this frequency plan, three topics will be investigated in 
this Appendix. Section C.l discusses the system implications of using a dual 
polarization scheme. Section C.2 determines the level of cross-polarization 
required to insure the desired 27 dB beam isolation. Finally, Section C.3 
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Fiqure C-1. Frequency Reuse Plan Based on 4-Frequency Bands and 
2-Polarlzatlon Senses 


addresses whether or not the determined level of cross-polarization is 
achievable with the microstrip feed arrays used in the baseline design. 
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C.l SYSTEM IMPLICATION 


Under the frequency reuse plan of Ffg. C-l, each beam will be allocated 1/4 of 
the total available 10 MHz band or 2.5 MHz. With a 15 KHz channel bandwidth, 
the same as the baseline design, each beam will provide 166 channels, an 
increase of approximately 75 percent relative to the 95 channel s/beam of the 
baseline design. Accordingly, the total channels in the system will increase 
from 8,265 to 14,442, and the user capacity of the system will increase from 
270,000 to nearly 475,000. 

However, the increase in the total available channels will necessitate an 
increased power on MSAT. With the same 0.24 W-per-UHF channel as the baseline, 
the total RF power requirement increases from 2 kW to approximately 3.5 kW and 
the beginning-of-life primary power will increase from 10 kW to about 16 kW. 

The additional retired power will primarily increase the weight of three sub- 
systems; power, thermal, and RF. The power subsystem weight will increase due 
to solar arrays and batteries; the weight of the thermal subsystem will 
increase because the UHF feed radiators must now dissipate 3.5 rather than 2 kW 
of waste heat; the RF subsystem weight will increase because the number of the 
power amplifiers must be increased. This is further elaborated with the 
example in the next paragraph. 

Consider Fig. C-2 which is the same as Fig. 3-16 and is repeated here for 
convenience. Feed element 17, which is the center element in a 7-element 
cluster forming beam 17, is also an auxiliary e’ement in six other clusters 
forming beams 11, 12, 15, 18, 21, and 22. However, from Fig. C-l it is 
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Figure C-2. Cluster of Seven Elements to Form Beam 17 
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noted that beams 11, 16, and 22 are right-hand circular beams while beams 12, 
17, 18 and 2"! are left-hand circular beams. Figure C-3 schematically shows 
how this feed element must be excited. First, signals Intended for each of 
the seven beams to which element 17 contributes, pass through 7-way power 
dividers. Then, as shown in Fig. C-3, the signals for the three beams which 
use right-hand circular polarization are combined and pass through the Mrs* 
power amplifier, while the signals for the other four beams which use left- 
hand circular polarization are combined and pass through to a second p'ver 
amplifier. The output of these two power amplifiers then pass through a hyorid 
junction, whereby they are properly divided, phased, and combined in order to 
produce two components for circular polarization. To summarize, then, the 
system requires 268 high-power amplifiers, two-per-each of the 134 feed 
elements. This is twice as many power amplifiers as that required for the 
baseline design. The maximum operating power for the largest of these power 
amplifiers is roughly 35 W as opposed to 23 W for the baseline design. Further 
study is required to seek an alternative scheme which could potentially reduce 
the number of required power amplifiers. 
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Figure C~3. Schematic of the 8eam Forming Network for Feed Element 17 
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C.2 CROSS- POLARIZATION RF REQUIREMENTS 


In this subsection, representative numerical results will be presented to 
demonstrate the acceptable level of feed cross- polarization needed to satisfy 
the C/I requirement. Since typically the outer beams exhibit the worst C/I 
performance, the attention here will be focused on beam 71 (an outer beam) as 
a reference beam, shown as a grid in Fig. Cl, and the interference due to all 
other cochannel beams will be computed. As is evident from Fig. C-l, the 
highest level of interference is due to two sets of cochannel and copolariza- 
tion beams (50, 60, 79, 83, 64) shown as cross-hatched in Fig. C-l, and co- 
channel and cross-polarization beams (62, 81, 73) shown as dotted in Fig. r -l. 

A proper estimate of the C/I levels cannot be made without an appropriate 
approximation for the feed patterns. Figure C-4 shows an approximation for 
both the copolarization and cross-polarization patterns of a circularly 
polarized feed (or cluster of feeds) which illuminates the reflector to produce 
a beam. These patterns are used in connection with the steps described in 
Fig. E-10 of Appendix E to compute the C/I performance. The level of the cross 
polarization pattern of Fig. C-4 is varied in order to examine what is the maxi 
mum level of cross-polarization, which will also satisfy the 27 dB C/I require- 
ment. 

As the first example, a level rf -25 dB is chosen for the cross-polarization 
pattern of Fig. C-4. The far-field patterns of the reflector for the feed 
at the focal point are shown in Fig. C-5. These patterns become somewhat 
degraded for the feeds away from the focal point. Using beam 71 as the 
reference beam and other cochannel beams as the interfering beams, the 
isolation contours are computed in the footprint of beam 71 and are shown in 
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An Idealized Copolar and Cross-Polar Pattern Representation of a 
Circularly-Polarized Feed Illuminating the Baseline Antenna Configuration 
{A Level of -20 dB Cross-Polarization is Assumed in This Figure and is 
Varied for Numerical Simulation) 
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Figure C-5. Copolar (LCP) and Cross-Polar (RCP) Patterns of the Baseline 
Antenna Illuminated With a Feed at Its Focal Point and With 
the 111 ^.ri nation Pattern of Figure C-4 With -25 dB Cross- 
Pol crizati on Level 
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Figure C-6. Contour Plots of I/C at the Footprint of Beam 71. Interference 
is Due to Both the Copolar and Cross-Polar Components (Feed 
Pattern With -25 dB Cross-Polarization Level) 
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Fig. C-6. It is clearly observed that the desired level of C/I, i.e., 27 dB, 
is not achieved. Notice that the highest level of interference is due to the 
cochannel and copolarization beams. This is readily observed by comparing 
Fig. C-6 with the results of Fig. C-7, which only demonstrates the inter- 
ference between cochannel and copolarization beams. 

Next, the level of the feed cross-polarization pattern in Fig. C-4 is reduced 
to -30 dB. The reflector's isolation contour plots are determined and shown 
in Fig. C-8. It is observed that for this case, a C/I level of 25 dB is 
practically satisfied in the footprint of the reference beam which, of course, 
is still not acceptable. Finally, the level of feed cross-polarization is 
further reduced to -35 dB and similar computations are made with results as 
shown in Fig. C-9. It is clearly observed that even in this case, the desired 
C/I requirements are not achieved everywhere within the footprint. However, 
a C/I level of 26 dB is practically satisfied. The cross-polarization level 
was not reduced any further because of the practical implementational con- 
siderations. 
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Figure C-7. Contour Plots of I/C at the Footprint of Beam 71. Interference 
is Due to Only the Copolar Components 
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figure C-8. Contour Plots of I/C at the Footprint of Beam 71. Interference 
is Due tc Both the Copolar and Cross- n ~>lar Components (Feed 
Pattern With -30 dB Cross-Polarization Level) 
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Figure C-9. Contour Plots of I/C at the Footprint of Beam 71. Interference 
is Due to Both the Copolar and Cross-Polar Components (Feed 
Pattern With -35 dB Cross-Polarization Level) 
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C.3 FEED REALIZATION 


To summarize the theoretical and numerical findings of this Appendix, it can 
be concluded that in order to achieve the level of C/I = 27 dB with the 
4-frequency and 2-polarization reuse plan, the feed cross- polarization level 
must be in the range of -35 dB or more. The challenging question is, what kind 
of realizable feed would give this cross-polarization level? Typically, the 
single element feeds produce a rather high level of cross-polarization (-20 to 
-25 dB). However, when these feed elements are used in an array environment, 
they can result ir, a lower cross-polarization level. This is due, in large 
measure, to the fact that the typical cross-polarization patterns have nulls 
at their boresights and the array factor can reduce the levels of their peaks 
which occur in the off-boresight directions. This is an important observation 
as far as the LMSS is co rerned, since it has beer shown that a cluster cf 
seven elements is needed to produce the desired copolarization feed pattern. 

It is believed that the concept appears to be fundamentally applicable to the 
LMSS system. However, more detailed theoretical and experimental studies are 
required to clearly demonstrate the overall feed array antenna cross-polariza- 
tion performance. In particular, if the tr.icrostrip feed elements are used, an 
;n-depth experimental verification would he needed to demonstrate their cross- 
polarization characteristics in a circular polarization mode. Recent experi- 
mental studies have shown that with an array cf microstrip patches, a cross- 
polarization level can be achieved in the range of -32 dB in a 1 inear polariza- 
tion mode; however, not better than a -28 dB has been measured in the circular 
polarization mode. 
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APPENDIX D 

INTERMODULATION ANALYSIS 


The LMSS is inherently a Single Channel -Per-Carrier (SCPC) telecommunication 
system. As such, hundreds of carriers will be routed through common nonlinear 
satellite amplifiers causing intermodul ation distortion. While development 
of nearly linear and efficient high-power amplifiers is essential to LMSS to 
reduce this distortion, some degree of intermodulation is unavoidable. The 
purpose of this appendix is to present results of an intermodulation analysis 
study performed at JPL for the LMSS. 

Many systems [1-7] for domestic telecommunications via satellite have in the 
past and are currently being designed using multicarrier operation such as 
SCPC rather than the more conventional single-carrier techniques such as 
Frequency Division Multiplexing (FDM) and Time Division Multiplexing (TDM). 

One of the driving factors that influences this choice is the power saving 
produced in the satellite by the use of voice activated carriers, a technique 
which is only meaningful in a multicarrier system such as SCPC. Along with 
this strong advantage, however, comes the potentially serious disadvantage of 
intermodul ation distortion. Indeed, an evaluation of the Carrier- to- I ntermodu- 
1 ation (C/IM) ratio for each channel is an essential element in the design of 
such systems for optimum utilization of satellite power and bandwidth. To 
evaluate this ratio, channel distribution within the power amplifier bandwidth 
must be known. 
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D.l Channel Distribution For LMSS 


As reported earlier in this document, a stringent interbeam isolation require- 
ment for the LMSS necessitates RF radiation patterns with low sidelobes. A 
technique for producing low sidelobe RF patterns with antennas which produce 
contiguous multiple beams is that of overlapping cluster feed elements. With 
this technique a cluster of feed elements produces the radiation for a single 
beam with the adjacent beams sharing some of the radiating elements. Because 
of this sharing of feeds among several beams, the complete set of channels 
supplied to a given feed element will not all contain the same power as further 
elaborated below. 

Consider Fig. D-l which shows a portion of the feed array layout for MSAT. 

(Each circle corresponds tc one feed element.) We use feed element 17 as an 
example to describe the operation. Feed element 17 serves as the cente* 
element for a 7-element cluster (the solid circle) which produces the RF 
radiatic’ for beam 17 in an 87-beam layout. To excite this cluster, the power 
of all channels destined for beam 17 is divided seven ways, each feeding one 
of tne seven elements in the cluster. Typically, the center element, i.e., 
element 17, may receive 76 percent of the total power with the other six 
auxiliary elements, i.e., elements 11, 12, 16, 18, 21, and 22, receiving four 
percent of the power each. 

Complicating the matter is the fact that feed element 17, in addition to 
serving as the center element in one cluster, also serves as an auxiliary 
element in six other clusters (two of which are shown as dashed circles in 
Fig. D-l) for the six adjacent beams. In all, element 17 contributes 
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Figure D-l. A Portion of the MSAT Feed Array Illustrating the Overlapping 
7-Element Cluster Feed Concept 


D-3 




to RF radiation for the seven beams 11, 12, 16, 17, 18, 21, and 22 (see 
Fig. 3-2 for the 87-beam layout). 

In the baseline LMSS design presented in the main body of this document, there 
are 95 SCPC channels for each of the 87 multiple beams. In view of the above 
discussion then, this implies that 7 x 95 = 665 channels will be routed, for 
example, through the power amplifier which feeds element 17. However, not all 
of these channels have uniform power levels. The channels belonging to beam 17 
(for which element 17 serves as the center of the cluster) are present at some 
high-power level P^, while the remaining six sets of 95 channels belonging to 
the adjacent beams (for which element 17 is an auxiliary element) are present 
at some lower power level Pl where the ratio of P^ to Pl may typically be 
about 20. 

In the past, analyses [8-14] of the effects of intermodulation noise on the 
performance of SCPC systems have focused on computing the number of third 
order intermodulation products that fall on a given carrier and the total noise 
power in these products. Implicitly assumed in most of these investigations 
[8-12], is a uniform power distribution of equally spaced channels across the 
available transmitted bandwidth, i.e., each channel when activated contains 
identical power to every other channel when activated, and also the activity 
factor is the same for all channels. Although Horstein and LaFlame [13] also 
start out by considering a single-carrier-level system, their primary contri- 
bution lies in the extension of the previous analyses to the computation of 
C/IM ratios for a particular two-carrier -level system in which the large and 
small power level carriers alternate in frequency. 
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Unfortunately, the results of intermodulation analysis for nonuniform power 
SCPC channels is very much dependent on the distribution of these channels 
across the HPA bandwidth. The baseline LMSS design uses a 7-frequency reuse 
plan where the total available bandwidth is divided into seven sub-bands, with 
the seven sub-bands being reused among the 87 beans. Therefore, using beam 17 
as an example again, the seven sets of 95 channels routed through the HPA 
which feeds element 17 can be shown in the frequency domain as depicted in 
Fig. D-2. Figure D-3 represents an alternative frequency assignment where 
the channels for the seven beams are interleaved. Each of these two schemes 
has its own advantages and disadvantages which will be discussed shortly. 

In view of the above discussion, there appears to be a need for generalizing 
the intermodulation noise results developed previously to a set of results 
suitable for performing C/IM calculations in multiple beam antenna systems 
with overlapping cluster feeds where the nonuniform power distribution is, in 
general, more complicated than a simple alternation of high- and low-power 
carrier channels. To keep matters relatively simple, we shall, as was done 
in [13], restrict ourselves to only a 2-power level distribution of uniformly 
spaced channels. Even in this simple case, matters are much more complex than 
in the uniform power or alternating 2-power SCPC systems. One contributing 
factor to this additional complexity is that the geometry of the channels, 
i •»., the locations in the spectrum of those channels at hi^h power relative 
to those at low power, has a strong influence on the final results. Thus, the 
possibilities of best-case and worst-case geometries must now be considered in 
tenr.s of producing, respectively, lejst and most C/IM degradation iV a given 
ratio of hi g, - to 1 owe '-power levels. 
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Figure D-2. Contiguous Channel Assignment for 7-Frequency Reuse Plan 
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Figure D-3. Interleaving Channel Assignment for 7-Frequency Reuse Plan 
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D.2 The Analysis Results 


As mentioned in the introduction, intermodular on noise is generated because 
of amplification of a number of carriers through a commmon nonlinear device, 
e.g... the satellite TWT. Previous investigations [8-12] of the intermodular; on 
noise produced in systems transmitting equal amplitude, equally spaced FM 
carriers, have assumed that the effects of th^ra-order (f-j+f^-fs) type products 
are dominant both in number and magnitude, and thus it is sufficient to con- 
sider only these products for determining baseband signal-to-intermodul ation 
noise ratio. For this case relations can be derived that express carrier-to- 
intermodul ation power ratio as a function of TWTA backoff (see Ref. [12]). 

For a more general case, it can be shown [16] that the relation for C/IM on the 
ith channel of any two power level channel arrangements can be found and 
expressed as 


C 

IM 



( D-l ) 


where (C/iM)] represents the carrier-to-intermodul ation power ratio for the 
uniform distribution of equal power carriers (such as reported in Ref. [12]) 
and relative to this ratio r is a degradation factor which reflects the 
particular arrangement of the low- and high-power channel distribution of the 
two-carrier level case under consideration. 

As an example, r was calculated for the two channel arrangements shown in 
Figs. D-2 and 0-3. Using LMSS parameters, it can be shown that, [16], r is 
-10 dB and -3.5 dB for cases of Figs. D-2 and D-3 respectively. 
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Before concluding this appendix two coints need further elaboration. 

1. From the foregoing discussion, it is apparent that from the inter- 
modulation noise point-of-view, channel arrangement of Fig. D-3 is preferable 
to that of Fig. j- 2. Studying block diagram of Fig. 3-21, however, points 
out that this channel arrangement is not practical for the baseline LMSS 
where up to four UHF beams are served by the same base st-tion. (Note that 
such arrangement necessitates individual channel filtering on board MSAT in 
order to demultiplex the uplink S-band channels and route them tc the 
appropriate UHF beams.) Thus for MSAT, unless each UHF beam is connected to a 
dedicated base station through an S-band beam (or unless the backhaul has 
available two 70 MHz bands, one each for uplink and downlink), then a channel 
distribution similar to Fig. D-2 must be selected. 

2. The results derived in [16] and reported above correspond to C/IM on 
board the MSAT at TWTA. From the system point-of-view, the equivalent C/IM 
must be derived at the base station (or mobile) receivers. In calculating 
such C/IM one should remember the following. 

The radiation of seven UHF feeds on MSAT will add coherently in the far- 
field to reproduce the signals for any UHF beams. However, the intermodulation 
noise produced in the seven HPAs connected to these seven feeds will add 
incoherently in the far-field, thus effectively increasing the C/IM ratio. 

More work remains to completely characterize the intermodulation noise and 
the resulting C/IM for MSAT. 


D-9 



REFERENCES 


[1] Goldin, L. S., "Single Channel per Carrier Transmission for 
Satellite Communication," NTC-75, December 1-3, Conference Record, 

Vol. ?, pp. 25-7 through 25-12. 

[2] Leonhard J. and Bairi, A. "A Domestic Satellite Communications System 
for Algeria," ICC 75, June 16-18, Conference Record, Vol. 1, pp. 12-23 
throuqh 12-27. 

[3] Evan^, B. G. , "Satellite-Communication System Employing Single-Channel/ 
Carrier Frequency Modulation with Syllabic Companding," Proceedings of 
the IEEE, Vol. 122, No. 7, July 1975, pp. 703-709. 

[4] Boudrau, P. M. and Davies, N. G., "Modulation and Speech Processing for 
Single Channel per Carrier Satellite Communications," Proceedings of the 
International Communications Conference, 1971, pp. 19-9 through 19-15. 

[5] Weinberger, H. L. and Kanehira, E. M., "Single Channel per Carrier 
Satellite Repeater Channel Capacity," IEEE Transactions on Aerospace and 
Electronic Syste ms, Vol. AES-11, No. 5, September 1975, pp. 805-813. 

[6] Werth, A. M., "SPADE: A PCM FDMA Demand Assignment System for Satellite 
Communications," Proceedings of the INTELSAT/IEE International Conference 
on Digital Satellite Communications, London, England, November 1969. 

[7] Chakroborty, D., "INTELSAT IV Satellite System (Voice) Channel Capacity 
versus Earth-Station Performance," IEEE Transactions on Communicati ons 
Technolo gy, Vol. COM-19, No. 3, June 1971, pp. 355-362. 

[8] Westcott, R. J., "Investigation of Multiple FM/FDM Carriers Through ? 
Satellite TWT Operating Near to Saturation," Proceedings of the IEE, 

Vol. 114, No. 6, June 1967, pp. 726-740. 

[9] McClure, R. B., "Analysis of Intermodulation Distortion in an FDMA 
Satellite Communicatio-'s System with a Bandwidth Constraint," in 
Conference Record, 1970, IEEE Into Conf. Communications, pp. 8 -?9 
through 8-36. 

[10] Shimbo, 0., "Effects of Intermodulation, AM-PM Conversion, and Additive 
Noise in Multicarrier TWT Systems," Proceedings of the IEEE, Vol. 59, 

No. 2, February 1971, p^. 230-238. 

[11] Fuenzalida, J., Shimbo, 0. and Cook, W., "Time-domain Analysis cf Inter- 
modulation Effects Caused by Nonlinear Amplifiers," COMSAT Technical 
Review , Vol. 3, No. 1, Spring 1973, pp. 89-141. 


[12] Yossefzadeh, E., "Satellite and Ground Station Intermodulation in Single 
Cha-irel per Carrier Systems," Communication Satellite Planning CentPr 
technical Report No. 7, Stanford Electronics Laboratories, Stanford, 
Calif., dune 1976. 


D- 10 



[13] Horstein, M. and LaFlane, D. T. , “Intermodulation Spectra for Two SCPC 
Systems," IEEE Transactions on Communications , Vol. COM-25 > No. 9, 
September 197?, pp. 996-994. 

[14] Horstein, H., and LaFlane, 0. T., "Multilevel SCPC System Design," Inter- 
national Telemetering Conference Proceedings, Los Angeles, CA, 1978, 

pp. 1-7. 

[15] Ohm, E. A., "Multi fixed-Beam Satellite Antenna with Full Area Coverage 
and a Rain-Tolerant Polarization Distribution," IEEE Transactions on 
Antennas ari Propagation , November 1981, pp. 937-943. 

[- 5 ] Simon, M. K., "LMSS Intennodulation Analysis," January 1982, JPL Publica- 
tion (forthcoming). 



D-ll 



* 82 28340 



l 


APPENDIX E 

MULTIPLE REAM OFFSET ANTEMNA 
DESIGN PROCESSES 


The descriptions of both RF desiqn steps and per 'ormance evaluation processes 
of multiple beam offset parabolic reflectors are the topics of this Appendix. 
Attempts are nade to present the qeneral methodology with a demonstration of 
the final results. The interested reader is referred to [1-113 for in-depth 
mathematical and nw-ierical discussions. The guidelines in this Appendix have 
been used in an optimized fashion to achieve the desiqn parameters reported in 
previous chapters of this document. 

Offset Reflector Geometry 

The qeonetry of an offset parabolic reflector with aperture diameter 0, parent 
diameter Op, focal lenqth F, ano offset heiqht h. is depicted in Fig. E-l. It 
is assumed that this reflector is illuminated by feed elements located in its 
optimal focal plane with E- and H-patterns of the type cos'll. The objective 
is to determine 0, h, and f for specified multiple-beam satellite antenna system 
requirements. 

A schematic of the design steps is shown i" Fiq. E-2. In this figure, the 
ellipses typically refer to input and output information , -ortanqles refer to 
some available formulas or qraphs (some are shown in this Appendix) and the 
three-cornered ( riqht-angl ed) rectanqles refer to appropriate computer programs. 
Sumary descriptions of the computer proqrans are qiven in [11]. Starting 
with the number of beans, satellite location and the desired coverage boundary, 
the map program can be used to estimate the beamwidth for a contiguous cover^r. 
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For example, for a satellite positioned in the geostationary orbit at 110° W. 
longitude with CONUS as the coverage area, the curves of Fig. E-3 are obtained 
for the determination of the beamwidth as a function of the number of conti- 
guous beams. 

Next, parameter a . defined as a measure of the feed illumination taper at 
the reflector subtended angle as shown in Fig. E-4. Using this parameter and 
the results reported in [5-11], the graphs shown in Figs. E-5, E-6, and E-7 

can be constructed. These graphs allow an accurate first-time estimate tc be 

made on the reflector's performance as a function of the illumination taper. 

For instance, using graphs E-3, E-4, and E-5, the reflector's diameter D can 
be determined, in terms of \ as a function of the illumination taper T, and 

the number of beams as shown in Fig. E-8. It is worthwhile to mention that 

for illumination tapers above -15 dB, the reflector's far-field patterns are 
not very sensitive to the actual feed pattern. However, for illumination 
tapers under -15 dB, the reflector's patterns become rather sensitive to the 
actual feed pattern. Therefore, the results of this Appendix only provide the 
preliminary design parameters and they should be optimized once the feed 
patterns are selected. 

The offset height h is estimated by trial and error with the objective of 
providing a clear aperture for the lowest off-axis beam as far as the upper tip 
of the feed assembly is concerned. It can be shown that the minimum offset 
height is obtained by locating the upper tip of the feed assembly on the normal 
to the reflector surface at the lower tip of the reflector. As an initial 
guess, it is a good choice to pick h in the range of 10-20 percent of D. 
Referring to the flow diagram of Fig. E-2, the next important choice to be 
observed is the parameter F/Dp. This parameter predominately determines the 
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Figure E-3. Antenna Beamwidth vs Total Number of Beams to Cover 

the Service Area (Satellite Location at 110°W. Longitude) 
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Figure E-4. Parameter A as a Function of Illumination Taper T 
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Figure E-5. Reflector's Aperture Diameter D as a Function of Parameter A 
for cos^(0) Illumination Pattern Function 
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NORMALIZED ANTENNA DIAMETER 



Figure E-8. Antenna Diameter D/X as a Function of the Number of Contiguous 
Beams to Cover CONUS at -3 dB Level and With Illuminatir.,! Edge 
Taper as a Parameter 
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characteristics of the off-axis beans which in turn control the C/I ratio. 

Casprl on the results of [1-11], it has been found that in order to achieve an 
acceptable sidelobe performance for off-axis beams of up to H to lb heamwidths 
scanned, the F/D p ratio must lie in the ranqe of 0.6 to 1.6; of course, lamer 
F/0p ratios mean longer structures which may be mechanically undesirable. 

This is a tradeoff that should be performed carefully. 

Feed Considerations 

So far, the reflector's geometrical parameters have been determined based on 
some desired RF requirements. From this information, the desired feed pattern 
performances can be determined usinq the steps indicated in the bottom portion 
of Fiq. E-2. The next important question is what the realizable feed configura- 
tion will be in order to meet both the ava^able feed spacinqs and separations 
and provide the desired feed pattern. The steps for arrivinq at. such a feed 
conf iquration are demonstrated in the flowchart of Fiq. E-9. From a purely 
RF viewpoint, it is very advantaqeous to use one feed element per beam (labeled 
as a single element desiqn in Fiq. E-9) . However, experience has revealed 
that for most contiquous multiple heam desiqns, the need for achieving low 
sidtlobes t h i q h directive feeds), with limited spacing between feed elements, 
prevents the use of the single element approach. Therefore, one must resort 
to the second path cf Fig. E-9 (labeled as the complex feed design). Among 
different possibilities, the concept of an overlapping cluster of feed elements 
has been found to be very attractive. In this concept, a central feed element 
is employed with a few neighboring elements (six for example) to provide a hiqo 
directive feed pattern to achieve a low sidelobe beam. This process is continued 
for the next central feed element which shares some of the elements of the first, 
beam, hence, the concept of the overlapping cluster of feed elements. To 


E- 1 1 



OF 



it 



Figure E-9. 


Steps for Feed Realization 
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determine the amplitude and phase of excitation coefficients for the cluster 

* 

elements. the steps shown in the lower portion of Fiq. E-R are employed. In 
t»«is procedure, the computer programs described in Til] are used in order to 
evaluate the acceptability of the cluster feed patterns. This finally leads 
to the design of a beam forminq network (RFN) which can become very complex 
for a multiple- beam overlapping cluster system. 

»F Analysis 

Repeated applications of the flowqraphs shown in Figs. E-? ano E-*i provirti the 
geometrical parameters of the offset reflector and its feed configuration. 

This information is used in a detailed RF study to carefully assess how .veil 
the svsten obipctives. such as qain and C/I, are net. The steps of this HF 
study are depicted in the flowgraph of Fiq. F-10. The cores of this studv are 
the two computer progr*.is (vector scattering and isolation programs) developed 
bv ^ahnat-Sami i af JPl. As illustrated in Fig. E-lil, for a se-ected frequency 
plan, the interbeam isolations (C/I) are computed in the footo-'int of each beam 
to investigate whether or not the desired C/I level is achieved. If the svsten 
objectives are net, the design should he acceptable and ready for experimental 
verification by breadboardinq. If the system objectives are not satisfied, ore 
nas to change the appropriate parameters, such as F/i' {) , sidelohe levels or even 
r ,e frequency reuse plan and then repeat the entire set of steps described above. 
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oure £-10. Steps for RF Pattern and Ream Isolation Calculations 
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APPENDIX F 
ELECTRIC PROPULSION 

MSAT, with its 4,000 kg beginnlng-of-life weight, represents a very heavy 
spacecraft. Table 3-15 in Chapter 3 indicates that the feed array assembly 
and the propulsion subsystem account for nearly 50 percent of the total weight 
of MSAT. Options for reducing the feed weight are discussed in Appendix 8, 
while in this appendix an alternative propulsion subsystem for MSAT is pre- 
sented which has a potential of reducing MSAT weight by more than 15 percent. 

As shown in Sections 3.13 and 3.14, the system mass of an electrothermally 
augmented hydrazine propulsion system (I$p = 300 s) just for stationkeeping 
can be at least 800 kg or about 20 percent of the MSAT beginning-of-1 ife mass. 
Ninety percent of this mass is propellant. The same stationkeeping function 
can te provided by a propulsion system with a larger specific impulse which 
will dramatically reduce the propellant requirements. Electric propulsion 
systems are a clear option. In this appendix, the applicability of electric 
propulsion to MSAT is discussed. 

Two types of electric propulsion systems have flown or will soon fly on space- 
craft. An ion engine attitude control thruster will he flown on the NASA/'AF 
P80-1 spacecraft in 1983. Also, pulsed plasma attitude control thrusters 
flew on the LES6 and TIPI spacecraft and are being used at this time on the 
NAVY NOVA 1 spacecraft. Electric propulsion thrusters produce thrust at very 
large specific impulses (specific impulse is a measure of t >e kinetic energy- 
per-unit mass of the exhaust products) compared to chemical thrusters. The 
energy-per-unit mass ( I $P ) for chemical thrusters is fixed by the type of 
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propellant used, whereas In electric thrusters, the energy Is supplied from 
an external source, e.g. , the solar array, and the propellant is accelera.ed 


by a force Imposed on It by "external" means. In order for this "external" 
force to Interact with the propellant, the propellant must be ionized, i.e., 
electrically conducting. 

Ion Engine 

The ion engine uses electrostatic forces to accelerate an ionized propellant. 
Conceptually, this is shown in Fig. F-l(a). The propellant in vapor form is 
fed into the ion thruster where it is ionized by electron bombardment. The 
entire thruster including the ionized propellant is kept at a high electric*! 
potential. The propellant ions drift out the open screen of the thruster and 
are attracted to the second screen which is kept at a moderately low potential. 
The ions are accelerated out through the second screen where they are then 
neutralized (made electrically neutral) by electrons. This neutralized ion 
beam is then the exhaust of the thruster and provides the thrust. The com- 
ponents of an attitude control ion thruster system are shown in Fig. F-l(b). 

Pulsed Plasma 

The pulsed plasma thruster (PPT) uses electromagnetic forces to accelerate 
a propellant. In the contemporary PPT, the propellant is a solid polymer 
that forms one or more sides of the thrust chamber. Fig. F -2 ( a ) . The PPT 
operates as follows: a relatively large charged capacitor is placed across 
the thruster electrodes. A small spark plug puts a small amount of plasma 
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Figure F-1(a). Electron Bombardment Ion Thruster Operation 
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Figure F- 1 ( b ) . 


Ion Propulsion System Components 
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in the discharge (thrust) chamber which then causes the main electrodes to 
breakdown (electrically) forming a large current and discharging the capacitor. 
This current ablates and vaporizes a small portion of the solid propellant. 

An even smaller portion of the propellant vapor is ionized. The main discharge 
current travels between the electrodes in this small layer of ionized pro- 
pellant. The large discharge current ’nduces a self-magnetic field with which 
the current interacts to create a JxB electromagnetic force which accelerates 
some of the vaporized propellant out of the discharge chamber creating thrust. 
This entire process occurs in approximately 50 x 10" 6 s. The PPT is an 
inherently pulsed device. The components of a PPT propulsion system are shown 
in Fig. F-2(b). Characteristics of state-of-the-art ion and PPT electric pro- 
pulsion systems are presented in Table F-l. 

Electric Propulsion for MSAT 

Using the characteristics of these electric propulsion systems, a preliminary 
estimate has been prepared of the mass of propellant and thrusters for the 
attitude control and stationkeeping functions for MSAT. The stated require- 
ments were the 600 m/s stationkeeping for AV, and the daily momentum require 
rnents stated in Section 3.13.3. The preliminary look indicates that the 
electric propulsion systems could also replace the large momentum wheels 
necessary to counteract the solar pressure, however, the fine pointing wheels 
would be retained. Estimates of the system mass were made for both the ion 
and PPT systems. The estimates show that either electric propulsion system 
can save approximately 18-20 percent of the initial 4,000 kg MSAT mass. The 
savings come predominately from the stationkeeping propellant mass which is 
reduced from nearly 700 kg to between 76 to 90 kg, depending on the choice of 
electric propulsion system. 
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Figure F-2(a). Pulsed Plasma Thrustpr Operation 
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Figure F-2(b). Pulsed Plasma Thruster System Components 
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The reduction In stationkeeping propellant mass is a direct result of the 
large specific Impulse of the electric propulsion systems and cannot be 
challenged. However, other portions of the estimate, i.e., replacing the 
momentum wheels, attitude control thrust levels, number and location of 
thrusters are very tentative and require much more study. 

Although the electric propulsion systems Indicate a large mass savings, they 
have their own potential problems. Some of these issues that require further 
study and experimentation are: 

1) Interactions with the control system of a pulsed thruster system; 

2) Thruster lifetime; 

3) Radio frequency interference; 

4) Exhaust contaiRi nation of antennas, etc; and 

5) Integration of an electric propulsion system into the MSAT. 

This preliminary estimate assumed that all the chemical thrusters were replaced 
with electric thrusters, however, the optimum system might be chemical 
thrusters for MSAT deployment, acquisition, and attitude control and electric 
thrusters for stationkeeping. 
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Table F-l, Characteristics of State-of-the-Art Ion and 
Pulsed Plasma Electric Propulsion Systems 


Pulsed Plasma Thruster (PPT) (AFRPL/Fa i rchi Id) 



Pulsed device; 

solid teflon propellant 




Average 

Input 

Pulse Specific 

System 


Thrust 

Power 

Rate Impulse 

Dry Mass 

Size 

(mLb) 

(VO 

(pulse/s) 

(s) 

(lb) 

"Mil li pound" 

1 

170 

0.2 

2200 

50 

"Micropound" 

0.13 

54 

2 

1100 

10 

1 

Electron Bombardment Ion Engine (NASA/Hughes) 



Steady device, minimum on time 1 

s; Mercury propellant 



Average 

Input 

Specific 

System 


Thrust 

Power 

Impul se 

Dry Mass 

Size 

(mLb) 

(W) 

(s) 

(lb)_ 

8 cm 

0.57 

70 

2770 

36 


1.15 

122 

2720 

36 


2.27 

237 

3270 

3 

5 

30 cm 

29 

3100 

3C20 

190 


12 

1290 

2200 

190 


HAS* JPI -Caw lA C*M 
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